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Abstract
The present thesis is about the investigation of ferromagnetic thin film systems with respect
to exchange coupling, magnetization reversal behavior and effects appearing in magnetic het-
erostructures, namely the exchange bias and the giant magnetoresistance effect. For this pur-
pose, DC magnetron sputtered thin films and multilayers with perpendicular magnetic anisotropy
were prepared on single crystalline and rigid as well as flexible amorphous substrates.
The first part concentrates on magnetic data storage applications based on the combination
of the concept of bit patterned media and three dimensional magnetic memory, consisting of at
least two exchange decoupled ferromagnetic storage layers. Here, [Co/Pt] multilayers, reveal-
ing different magnetic anisotropies, have been applied as storage layers and as spacer material
Pt and Ru was employed. By the characterization of the magnetization reversal behavior the
exchange coupling in dependence of the spacer layer thickness was studied. Furthermore, with
regard to the concept of bit patterned media, the layers were also grown on self-assembled silica
particles, leading to an exchange decoupled single-domain magnetic dot array, which was stud-
ied by magnetic force microscope imaging and angular dependent magneto-optic Kerr effect
magnetometry to evaluate the reversal mechanism and its dependence on the array dimensions,
mainly the diameter of the silica particles and layer thicknesses. To complete the study, mi-
cromagnetic simulations were performed to access smaller dimensions and to investigate the
dependence of intralayer as well as interlayer coupling on the magnetization reversal of the dot
array with multiple storage layers.
The second part focuses on the investigation of the giant magnetoresistance effect in systems
with perpendicular magnetic anisotropy, where L10-chemically ordered FePt alloys and [Co/Pt]
as well as [Co/Pd] multilayers were utilized. In case of FePt, where high temperatures during the
deposition are necessary to induce the chemical ordering, diffusion and alloying of the spacer
material often prevent a sufficient exchange decoupling of the ferromagnetic layers. However,
with Ru as spacer material a giant magnetoresistance effect could be achieved. Large improve-
ments of the magnetoresistive behavior of such trilayer structures are presented for [Co/Pt] and
[Co/Pd] multilayers, which can be deposited at room temperature not limiting the choice of
spacer as well as substrate material. Furthermore, in systems consisting of one ferromagnet
with perpendicular magnetic anisotropy and one ferromagnet with in-plane magnetic easy axis,
a linear and almost hysteresis-free field dependence of the electrical resistance was observed
and the behavior for various thickness series has been intensively studied. Finally, the corrosion
resistance in dependence of the capping layer material as well as the magnetoresistance of a
strained flexible pseudo-spin-valve structure is presented.
In addition, in chapter 2.5.2 an experimental study of an improved crystal growth of FePt
at comparable low temperatures by molecular beam epitaxy and further promoted by a surfac-
tant mediated growth using Sb is shown. Auger electron spectroscopy as well as Rutherford
backscattering spectrometry were carried out to confirm the surface segregation of Sb and mag-
netic characterization revealed an increase of magnetic anisotropy in comparison to reference
layers without Sb.
Keywords
3d ferromagnets, perpendicular magnetic anisotropy, FePt alloy films, Co/Pt (Pd) multilayers,
magnetic multilevel systems, 3D magnetic memory, interlayer exchange coupling, bit patterned
media, spintronics, giant magnetoresistance, (pseudo-)spin-valves, exchange bias effect
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1 INTRODUCTION
1 Introduction
Our time is characterized by the steady technologization of everyone’s life. Less than 30 years
back, as I was a child, one had to go to a pay phone box near the town center to make a call, today
we interact via social media and discuss about the utility of an app for our smartphones. The
Internet is already water under the bridge, instead the implementation of Internet of Things is
the guidance for the next years. The development of measurement instruments making the sub-
micrometer range accessible has a major contribution to this emergence and boost in technology
because the material properties are related to the electronic structure, which can be strongly
modified on the nanometer scale. Hence, since we are able to reproducibly prepare and finally
measure smaller and smaller structures, we extend our knowledge about fundamental relations
and from time to time a smart idea paths the way for an application of a scientific phenomena
discovered before. In this regard, things like computers, cell phones, satellite based navigation
devices and a vast amount of other gadgets determine our daily life, and although it is already
cheaper to store information digitally instead on a sheet of paper, surprisingly this thesis first of
all is still available as a printout version.
However, maybe it depends on which storage method is currently chosen because the just
mentioned assertion is, for instance, not true for solid-state memory but for a hard disk drive
(HDD), whose continually development took almost 60 years and is still ongoing. Basically the
topic of the present work can be put in this context of magnetic data storage with the record-
ing layer on the one hand and a magnetic field sensor on the other. Within the first part of
this work, the focus is on the storage medium: the current applied technology is introduced
and some obstacles for future storage concepts will be pointed out with special attention to bit
patterned media (BPM). The following investigations concentrate on the magnetization rever-
sal mechanism and exchange interactions between stacked recording layers with perpendicular
magnetic anisotropy (PMA), which have been deposited on self-assembled silica nanoparticles
with a nominal diameter between 50 nm and 330 nm. The magnetic properties of these ex-
change decoupled magnetic dots are compared to planar films and since particles with a diam-
eter d < 50 nm do not yet allow a reliable sample preparation, the studies are supplemented by
results of micromagnetic simulations, giving access to even smaller dimensions. Furthermore,
the influence of the spacer layer material on the exchange interaction is investigated.
In the second part of this work, the investigations are concentrated on magnetic field sensing
applications with special regard to an out-of-plane field sensitivity. The sensor system consists
of two ferromagnetic layers separated by a Cu spacer, where either both ferromagnets reveal
perpendicular magnetic anisotropy or a system with crossed magnetic anisotropies was studied
with one layer having in-plane magnetic easy axis in combination with [Co/Pt] and [Co/Pd]
multilayers, acting as the out-of-plane reference layer. In the former case, large magnetostatic
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interactions across the thin spacer layer crucially influence the magnetic reversal behavior. On
the other hand, the crossed magnetic configuration results in a rather linear and hysteresis-
free R(H) dependence. Such systems were extensively studied with special attention to the
magnetic reversal behavior and spin polarization, which was modified by thickness variations
or the use of different materials. Apart from measurements at low temperatures also the long-
term stability of these thin film sensors has been investigated, including a study on flexible
substrates. Especially the latter opens a large field of possible applications as, for instance, for
wearable electronics or magnetic field sensors in various environments.
2
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2 Basic Knowledge About Magnetism
Apart from the motion of charge carriers, any magnetic moment, which is macroscopically
measurable, is given by the electronic structure of a solid (or in general matter). Addition-
ally, the atomic nucleus has a magnetic moment in units of the nuclear magneton, which for
instance has reached importance in MAGNETIC RESONANCE IMAGING and thereby revolu-
tionized medical imaging1. But due to the smaller charge-to-mass ratio, its value is more than
three orders of magnitude less compared to the electron magnetic moment and will be disre-
garded in the present work. The origin of the magnetic moment of an electron is twofold: on
the one hand the precession of the electron at the particular orbital around the nucleus induces
a magnetic moment, which is connected to the orbital momentum, and on the other hand each
single electron has an intrinsic magnetic moment, the electron spin. The latter defines the elec-
tron’s elementary, intrinsic magnetic moment expressed as the so called BOHR MAGNETON
µB =
e~
2me
(2.1)
with the elementary charge e, the reduced Planck constant ~ = h/(2pi) and the mass of the
free electron me. Both contributions of the magnetic moment of an electron in a solid may
couple via the spin-orbit interaction (SOI) to the total angular momentum j, resulting in a total
magnetic moment
|m|
µB
= g
|j|
~
. (2.2)
The proportionality factor g is known as the Landé g-factor, which is equal to one for a purely
orbital magnetic moment, such as the one, which arises from the angular momentum in classical
physics. Conversely, any spin contributions to the total magnetic moment leads to g 6= 1.
Because of this intrinsic magnetic moment of all matter, all macroscopic materials react to
applied magnetic fields H with an internal magnetization M where both are connected by the
magnetic susceptibility χ:
χ = M/H. (2.3)
Furthermore, this magnetization also contributes to the externally measurable magnetic field,
the magnetic induction B via
B = µ0(H+M) (2.4)
with the vacuum permeability µ0. This is the representation of B in the SI unit system, whereas
it is given by
B = H+ 4piM (2.5)
in the cgs unit system with the equality B = H in vacuum. The cgs unit system is often still
applied in the field of magnetism and is the standard unit system in the present work as well.
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Table 2.1: Magnetic quantities given in SI and cgs units.
SI unit system cgs unit system
vacuum permeability µ0 4pi · 107 Vs⁄Am 1 G⁄Oe
magnetic ﬁeld H 1 A⁄m 4pi · 10−3 Oe
magnetization M 1 A⁄m 10−3 G
magnetic induction B 1Vsm-2= 1T 104 G
magnetic moment µ 1Am2= 1 J⁄T 103 erg⁄G= 103 emu
For that reason the main magnetic quantities are compared to each other for both unit systems
in Tab. 2.1.
All the elements can be classified into diamagnetic, paramagnetic as well as ferro- and an-
tiferromagnetic materials, being distinguished by χ. The result is illustrated in the so called
magnetic periodic table shown in Fig. 2.1. Applying the Pauli principle and Hund’s rules all
elements with fully occupied d− and f−electron shells reduce the magnetic induction due to
Figure 2.1: Magnetic periodic table: periodic system of the elements with color-coded magnetic state
(diamagnetic, paramagnetic, ferro- and antiferromagnetic)2.
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an antiparallel alignment of the induced electron magnetic moment with respect to the exter-
nally applied magnetic field, these materials with χ < 0 are described as diamagnetic. Almost
all other materials are called paramagnetic. The behavior of lighter atoms or ions without
occupied d-shells cannot be so easily generalized, hence, e.g. Mg although having a fully oc-
cupied s-electron shell behaves paramagnetically but Si with two spin-up p-electrons is already
diamagnetic, like all the heavier atoms of this period. However, some of the paramagnetic ma-
terials show even a magnetic ordering (ferro- and antiferromagnetism) below a characteristic
temperature, for example solid oxygen, some 3d transition metals as well as 4f rare earth el-
ements. For this, strong interactions of neighboring atoms with spins Si and Sj are necessary,
which was described by Werner Heisenberg by the Hamiltonian
H = −2JSi · Sj (2.6)
with the exchange constant J 2. For positive J adjacent magnetic moments in the atomic lat-
tice couple parallel. These materials are called ferromagnets with large values of χ and the
appearance of a spontaneous magnetization without any applied magnetic field. For the oppo-
site case of antiferromagnets with negative exchange constants adjacent magnetic moments are
antiparallel aligned, leading to no net magnetic moment. The latter occurs for, e.g. 3d elements
with close to half filled bands (cf. Mn and Cr) where the antiparallel alignment is energeti-
cally favored. Furthermore, since the exchange constant is closely related to the interatomic
distance, and hence itself temperature dependent, some elements like for instance Tb can be
both, antiferromagnetic and ferromagnetic, depending on temperature (cf. Fig. 2.1). In these
cases antiferromagnetism occurs at higher temperatures because it is favored for larger spac-
ings. As already mentioned, both magnetic order phenomena occur only at temperatures below
a critical temperature. Above this temperature the mutual alignment of neighboring atomic
magnetic moments vanishes due to dominating thermal energy and the material finally becomes
paramagnetic. In case of ferromagnetism this temperature is the Curie temperature TC where
the spontaneous magnetization gets lost, whereas it is called Néel temperature TN in case of
antiferromagnetism as suggested by C. J. Gorter and J. Haantjes3.
Another kind of magnetism is ferrimagnetism, which is present in alloys with an antiparallel
alignment of magnetic moments of the different elements. But in contrast to antiferromag-
nets, these sublattice magnetizations do not necessarily have the same value, hence, similar to
ferromagnets a spontaneous magnetization remains. Furthermore, because the particular sub-
lattice magnetizations have a different temperature dependence, the resulting magnetic moment
is temperature dependent and also a state with no net moment may be reached at the so called
compensation temperature4.
5
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2.1 Electronic Band Structure of Ferromagnets
Starting with discrete electron shells in case of a single or a few spatially separated atoms that
can be occupied by the electrons with regard to the quantum numbers, the atomic orbitals de-
generate and finally form bands if the atoms come closer to each other and the more atoms
are involved. Eventually, for a solid with 1023 atoms, the resulting bands are so dense that the
electron dispersion relation E(k) can be regarded as continuous except for some band gaps.
Those especially occur at lower electron energies, for instance electron shells close to the core,
because their overlap with neighboring atoms is small. Hence, the associated electron energy
bandwidth, arising from the band splitting, is small as well. As reference energy the Fermi en-
ergy EF is used, which is the particular energy where 50% probability of occupancy is reached.
In equilibrium at T = 0 K all electron orbitals below EF are occupied whereas all electron
states above EF are vacant, so the Fermi energy is often set to zero. However, for metals with
a periodic atom lattice the dispersion relation of the variety of electron bands is computation-
ally achievable by ab initio calculations using, for instance, the tight binding model5 or density
functional theory6. A systematic data collection of such calculations of the band structure is,
for example, given in the Landolt-Börnstein database for pure metals as well as many alloys7.
In contrast to para- or diamagnetic materials, the bands are spontaneously split in case of
the ferromagnetic state, meaning they appear to be different for different spin channels: the
majority and minority charge carriers. This is clearer from the density of states (DOS), which
gives the amount of states that can be occupied by the electrons regarding their particular energy.
The DOS can be determined from the band structure as a sum over all wave vectors. For
the three 3d transition metals iron, cobalt and nickel, the DOS is shown in the left column of
Fig. 2.2 for both spin channels, clearly indicating the different electron occupancy for the spin-
up and spin-down state up to the Fermi energy, giving rise to a spontaneous magnetization.
The main contribution to the overall magnetic moment of the pure transition metals is given by
this spin moment because the orbital motion of the electrons is quenched by the crystal field8.
The elements Co and Ni are described as strong ferromagnets because the majority band is
completely pushed below the Fermi energy, whereas body centered cubic (bcc)-Fe is a weak
ferromagnet. But for the cubic closest packed structure (face centered cubic (fcc)), Fe can
become a strong one or even behave paramagnetic due to a very high sensitivity on the lattice
parameter as shown in the right column of Fig. 2.2. The close connection of the exchange
constant and finally magnetic ordering itself on interatomic spacing was already discussed in
equation 2.6 and was further addressed in the literature9–12. This small change of the lattice
parameter of Fe, for the transition from the paramagnetic to the ferromagnetic state, of less
than 3% (cf. values given in Fig. 2.2) makes it experimentally achievable, although it turned out
to be difficult to isolate this particular effect and to ascribe any observed change of magnetic
properties to the lattice modification solely. Thus another possibility to sufficiently vary the
6
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Figure 2.2: Density of states for both spin channels of the bulk 3d transition metals iron, cobalt
and nickel in the ferromagnetic state. The right column shows the inﬂuence of the lattice parameter
(interatomic spacing) for fcc-iron2.
interatomic distance is given by Vegard’s law13,14 by alloying with other elements that could
additionally alter the magnetic properties or even new chemical phases may evolve. However, in
case of Fe nanoparticles an increase of magnetic moment through stretching the atomic structure
by the addition of Au was demonstrated15 and further studies have been published on cluster-
assembled nanocomposite Fe/Cu films16 as well as ion beam manipulated Fe-Ag(Au) alloys17.
Another approach to slightly adjust the lattice parameter of thin films is epitaxial growth on
adequate seed layers or substrates. Due to epitaxial strain in dependence of the lattice mismatch,
the film thickness for epitaxy is limited18 and a tetragonal distortion of a cubic unit cell is
often induced19. Apart from the particular importance of surface and interface contributions
of ultrathin layers (cf. chapter 2.5.1) also epitaxial or at least textured growth is utilized in
multilayered structures where, for example, a high spin state of fcc Fe was demonstrated in
Fe/Pd multilayers for a single Fe layer thickness below 2.5 nm with a large magnetic moment,
which does not originate from polarization effects of Pd20.
2.2 Ferromagnetism and Magnetic Anisotropy
The aim of this and the following subchapters is not to give a detailed introduction to ferro-
magnetism, which can be looked up in a variety of textbooks2,21. Instead, the focus is on mean
properties of the room temperature ferromagnetic elements Fe, Co, Ni and several alloys con-
taining these materials. Furthermore, the origin of magnetic anisotropy is thematized and how
7
2.2 Ferromagnetism and Magnetic Anisotropy
magnetic properties can be influenced with respect to possible applications as magnetic storage
devices or magnetoresistive sensors, which will be investigated in the subsequent chapters.
Although ferromagnetism was only known for crystalline materials for a long time, it is well
known since the 1970’s that also some amorphous materials, such as rare earth-transition metals
(TbFe, etc.), can reveal magnetic ordering regardless of the absence of any structural long range
order22. Ferromagnetism usually appears to be anisotropic due to different contributions, for
example magnetocrystalline, surface and interface as well as single ion anisotropy2. In chapter
2.5 some of these will be particularly regarded at concrete examples of ferromagnetic materials
being under investigation in the present work. Additionally, the exchange bias effect can induce
strong unidirectional magnetic anisotropy when a ferromagnetic layer is coupled to an anti-
ferromagnetic layer23,24. Another important contribution especially for thin films is the shape
anisotropy, which is determined by the geometry of the sample. In general, the presence of mag-
netic anisotropy in a ferromagnet leads to preferred directions of the magnetic moments with
respect to the crystal lattice or macroscopic dimensions. It can be unidirectional (for instance
the exchange bias effect), uniaxial or such that a entire plane is favored, which could be the case
for a continuous flat film for reasons of shape anisotropy. The preferred directions of magneti-
zation are called easy axes (or plane) with an associated sharp magnetization reversal, whereas
a particular hard axis reveals a gradual and reversible magnetization change with increasing ap-
plied magnetic field strength until the saturation magnetization Ms is reached at the anisotropy
field Ha. An example for both reversal mechanisms is shown in Fig. 2.3 where M(H) hys-
teresis loops have been measured on an L10-chemically ordered FePt thin film deposited on an
MgO(100) single crystalline substrate at 400 ◦C by molecular beam epitaxy (MBE). This FePt
layer has strong perpendicular magnetic anisotropy with full remanence (Mr/Ms = 1), an easy
axis coercivity of Hc = 3.5 kOe and a hard axis saturation field of Ha ≈ 60 kOe. Thus the mag-
netic anisotropy is uniaxial with a minimum energy for the magnetization pointing either into
or out of the sample plane, which is represented by the sine term of the first order anisotropy
energy Ea determined by
Ea = KU · sin2 θ. (2.7)
KU is the uniaxial magnetic anisotropy constant and θ determines the angle between the mag-
netization and the easy axis in general, or the surface normal for thin film samples. The latter
case is used in the present work for the definition of θ where systems with in-plane uniaxial
magnetic anisotropy have negative KU values.
Apart from a spontaneous magnetization, the hysteresis is another characteristic property of
ferromagnetic materials and is defined by the energy necessary for a magnetization reversal. It
causes the coercive field and determines whether a ferromagnet is considered as magnetically
hard (largeHc) or soft (smallHc). Unfortunately, a measurement of the hysteresisM(H) for an
arbitrary sample does not in general give the correct magnetic field values because the internal
8
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Figure 2.3: M(H) hysteresis
loops of L10-chemically ordered
FePt for out-of-plane (easy axis)
and in-plane (hard axis) applied
magnetic ﬁelds. Characteristic
parameters of a magnetic hys-
teresis loop are given in the ﬁg-
ure: coercive ﬁeld Hc, remanent
magnetization Mr and the satu-
ration ﬁeld of the hard axis loop,
which is called anisotropy ﬁeld
Ha.
field H in a continuous medium approximation is the sum of the external applied field Hext and
the demagnetizing field Hdemag, which also influences the magnetization. Hence the applied
field has to be corrected by the demagnetizing field
Hdemag,i = −Ni,jMj (2.8)
with the demagnetizing tensor Ni,j , defining the demagnetizing factors N for all directions in
space. Easy cases appear, e.g., for spherical samples with N =1⁄3 for every direction, or thin
films revealing strong uniaxial magnetic anisotropy with N = 0 and N = 1 for the easy axis
and the hard axis, respectively. However, sinceHdemag = 0 at the coercive field, a determination
of Hc without any correction is possible via M(H) measurements. A simple but still realistic
approach of the determination of the coercive field of any ferromagnet can be additionally given
analytically by the Stoner-Wohlfarth model. In general, it is valid for a uniformly magnetized
single-domain ellipsoid with uniaxial magnetic anisotropy. The latter requirement ensures de-
magnetizing factors which are easy to handle, whereas the former induces uniform H and M
fields. For the easy axis a square hysteresis loop appears and the coercivity is determined by2
Hc =
2K1
µ0Ms
+
1− 3N
2
Ms (2.9)
where K1 is the magnetocrystalline anisotropy. For the special case of a square easy axis hys-
teresis loop for strong uniaxial magnetic anisotropy with Hc > Hdemag the stray field term and
thus the shape anisotropy can be neglected (K1 = KU) and the coercivity appears to be equal
to the anisotropy field (see Fig. 2.4 (a) for comparison):
Hc = Ha =
2KU
µ0Ms
. (2.10)
9
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Thus the anisotropy of a ferromagnet, if it is uniaxial, can be calculated via
KU =
µ0Ms
2
Ha ≥ µ0Ms
2
Hc, (2.11)
where the second term enables the possibility to give at least a lower estimate of the magnetic
anisotropy constant if the sample, for instance, can not be magnetically saturated in the hard
axis direction or if just the easy axis hysteresis loop is measured. Practically, a sample with
purely uniaxial magnetic anisotropy cannot be realized for reasons of misaligned grains or other
defects, which induce an easy axis cone or a mixture of different easy axes with respect to
macroscopic dimensions. That is why the hard axis loop may reveal some hysteresis as well
and the slope will not be constant. Thus the equivalence of equation 2.11 will change to an
approximation, too. As a consequence, an effective magnetic anisotropy constantKeff is usually
used, which is determined by the area between the out-of-plane (perpendicular to the sample
surface) and the in-plane M(H) hysteresis loop. Hence, the effective magnetic anisotropy
constant is composed of a sum because it contains all anisotropy contributions that are present
in the sample, for example shape and magnetocrystalline magnetic anisotropy.
For the sake of completeness: to finally deduce the coercivity of a permanent magnet from the
Stoner-Wohlfarth model25, an assembly of similar ellipsoids is used, which are all decoupled
from each other and randomly oriented. The resulting mean magnetization curve shown in
Fig. 2.4 (b) gives a rough model of a polycrystalline magnet with at least a comparable value for
the coercivity25.
Especially related to the development of high coercive permanent magnets based on ferrites,
L10 ordered alloys and rare earth-transition metal compounds, Brown’s paradoxon (visualized
in Fig. 2.5) was under investigation by micromagnetic studies26–28 where the microstructure was
a) b)
Figure 2.4: Normalized M(H) hysteresis loops for (a) a single Stoner-Wohlfarth particle for diﬀerent
angles between the applied ﬁeld direction and the easy axis and (b) a variety of randomly oriented
Stoner-Wohlfarth particles2, originally published by E. C. Stoner and E. P Wohlfarth25.
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Figure 2.5: Brown's paradoxon: the
experimentally achieved coercivities
in relation to the theoretically ex-
pected nucleation ﬁeld has never ex-
ceeded 40%26.
found to be the origin for the discrepancy between the ideal nucleation field and the experimen-
tally realized coercivity29. Instead of the magnetization, the magnetic polarization Js = µ0Ms
is often used in these studies for which equation 2.9 turns into
µ0Hc = µ0α
2K1
Js
−NeffJs. (2.12)
The microstructural parameters α and Neff are related to the non-ideal microstructure of a
permanent magnet, where α as a product of several contributions takes the reduced surface
anisotropy of non-perfect grains into account and Neff , the effective demagnetizing factor, de-
scribes the internal stray fields, which act on the grains28,30. The mechanisms which in general
define the coercive field strength and the magnetic reversal behavior itself are nucleation and
pinning of reversed domains. Thus the coercive field depends also on exchange coupling and the
sample morphology (e.g., roughness, grain size and other kind of defects31–34). For exchange
decoupled nano- or microcrystallites like, for instance, sintered permanent magnets for which
these studies mainly have been done, the magnetization reversal behavior is much the same as
for exchange decoupled single-domain nanoparticles or nanopatterns with uniaxial magnetic
anisotropy. The latter has been a leading candidate for revolutionizing the future magnetic data
storage technology35 as will be addressed in chapter 3. However, one of the factors of the
microstructural parameter α is αψ, which specifies the reduction or, in general, the change of
the nucleation field HN, if the magnetic field is applied under an angle ψ0 with respect to the
easy axis direction. It has been shown by E. C. Stoner and E. P Wohlfarth25, and furthermore
by Kronmüller et al.30,36 for the presence of higher order magnetic anisotropy terms, that the
angular dependence of the nucleation field basically follows29
αψ =
HN(ψ0)
HN(0)
≈ [(cosψ0)2/3 + (sinψ0)2/3]−3/2 . (2.13)
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The given approximation disregards any influence of the anisotropy terms, which lead to an
asymmetry of the angular dependent nucleation field as shown in the example of Fig. 2.6 (a).
Additionally, the coercive field is plotted in this figure as well, which reveals the analogy
of both for ψ0 ≤ 45◦ whereas the coercivity decreases for larger angles according to Hc =
K1/Js sin(2ψ0) (cf. Fig. 2.4 (a)). The αψ of equation 2.13 is the one for a reversal mechanism
dominated by domain nucleation (αnucψ ), which is also called Stoner-Wohlfarth reversal. For the
pinning dominated one (so called Kondorski-reversal) the angular dependence is given by37
αpinψ =
HN(ψ0)
HN(0)
= (cosψ0)
−1 (2.14)
with a minimum nucleation field for ψ0 = 0 (magnetic field applied parallel to the easy axis).
Both angular dependences are visualized in Fig. 2.6 (b), which enables an easy proof of whether
the magnetization reversal of a sample with uniaxial anisotropy is nucleation or pinning dom-
inated: whereas the first occurs for exchange decoupled grains or nanostructures which are
single-domain, with a coherent reversal of the magnetization of each decoupled magnetic unit,
the latter reversal mechanism is, for instance, present in ferromagnetic thin films revealing
strong lateral exchange coupling, allowing a progressive displacement of the reversed magnetic
domain from one pinning center to the other until the sample is magnetically saturated.
a) b)
Figure 2.6: (a) Angular dependence of the nucleation ﬁeld according to equation 2.13 and the coer-
civity for dingle domain particles with uniaxial magnetic anisotropy38. (b) Comparison of the angular
dependence of both reversal mechanisms, either nucleation (Stoner-Wohlfarth) or pinning dominated
(Kondorski)29.
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2.3 Magnetization Reversal Processes
Before finally the magnetic reversal of exchange coupled ferromagnetic layers will be consid-
ered, magnetic reversal processes in general are discussed. The illustration in Fig. 2.7 gives an
example of how a magnetization reversal could take place in a ferromagnetic thin film: starting
from saturation the first reversed magnetic domain will nucleate at the characteristic nucleation
field and most of all at a conspicuous area of the ferromagnetic sample having, for example,
lower magnetic anisotropy, higher roughness or providing a nucleation site for reasons of ther-
mal fluctuations, magnetostatic interactions or other reasons. A domain wall emerges, which
is the border of two domains having antiparallel aligned magnetic moments in the extreme
case. Obviously, this is a highly frustrated area, where the magnetic moments are tilted against
their initially preferred orientations to form a continuous but tightly squeezed transition from
one magnetic state to the other. Commonly there are two different kind of domain walls: the
Bloch and the Néel wall. The latter shows a configuration where the moments rotate within the
plane which is spanned by the magnetization directions of the initial and the nucleated domain,
whereas in a Bloch wall the moments rotate out of this plane. Thus in thin films with thicknesses
t smaller than the domain wall width δw, Néel walls are generally favored due to a lower mag-
netostatic energy2. The domain wall width δw ∝
√
A/K1 depends on the exchange stiffness
(A ≈ kBTC/2a) and the anisotropy constantK1. For reasons of the latter contribution, a domain
wall in materials with very low anisotropy, like for instance Permalloy, can effectively spread
over large areas and especially in thin films magnetic vortices may emerge39. However, the
magnetic reversal via domain nucleation costs energy because of the frustration within the wall.
That is eminently apparent in size dependent studies of patterned ferromagnetic samples and,
for example, illustrated by magnetic force microscopy (MFM) imaging as shown in Fig. 2.8,
taken from the work of T. Thomson et al.40. The particular demagnetized state is shown for
dots with diameters ranging from 50 nm to 5µm: whereas the large dots show multidomain
magnetic states, the 50 nm dots are all single-domain. Thus it is expected that coherent rota-
Figure 2.7: Illustration
of processes involved in a
magnetization reversal2.
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Figure 2.8: MFM
images of the ac de-
magnetized state of
[Co/Pd] multilayer
patterns with per-
pendicular magnetic
anisotropy revealing
diﬀerent dot sizes
as indicated in each
ﬁgure40.
tion of each magnetic dot is energetically favored for such small dimensions and for the given
anisotropy energies. Apart from MFM measurements or other techniques imaging magnetic
domains (like for instance magneto-optic Kerr effect (MOKE) microscopy or magnetic trans-
mission X-ray microscopy (MTXM)) also angular dependent studies of the switching field can
be carried out to check the type of the reversal mechanism (cf. discussion of Fig. 2.6 (b)), which
is quite important for, e.g., magnetic storage media applications as will be briefly introduced in
chapter 3.
Furthermore, the magnetization reversal of films consisting of two or even more ferromag-
netic layers strongly depends on the particular exchange coupling strength, which can be varied
by the material as well as the thickness of appropriate spacer layers, see for instance the work
of Hellwig et al.41 and references therein. They studied [[Co/Pt]X/Ru]N systems with perpen-
dicular magnetic anisotropy. An N-step reversal with each switching field being comparable to
the single layers occurs only for fully exchange decoupled films, otherwise additional energy
contributions induced by the spacer layer have to be considered: first of all the magnetostatic
energy Emag determined by the stray field of the ferromagnet, the interlayer exchange energy
Jex, and the domain wall energy Ewall in case of present magnetic domains. As a result, two dif-
ferent reversal modes have been found for [[Co/Pt]X/Ru]N systems having perpendicular mag-
netic anisotropy: either the layer by layer reversal mode, which shows horizontally correlated
magnetic domains, or the magnetic reversal via vertically correlated ferromagnetic (FM) stripe
domains, cf. Fig. 2.9. The magnetic energy per unit area for the former reversal mode is given
14
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a)
b)
c)
horizontally
correlated
vertically
correlated
Figure 2.9: (a) 30 × 30µm2 MFM image of [[Co/Pt]8/Ru]15 showing the coexistence of horizontally
correlated (here antiferromagnetically coupled) and vertically correlated domain regions after out-of-
plane demagnetization. Both diﬀerent magnetization conﬁgurations are schematically shown in (b) for
the horizontally or (c) the vertically correlated reversal mode41.
by (t is the ferromagnetic layer thickness)41
Elbl =
∑
N
Emag − (N − 1)Jex =
∑
N
(2piM2s t)− (N − 1)Jex, (2.15)
and for the latter
Efst = Emag + Ewall + (N − 1)Jex. (2.16)
In the case of vertically correlated domains, both terms of the sum (Emag and Ewall) depend on
the particular shape of the magnetic domains: for the easy case of a uniform film of thickness
Ntwith stripe domains of widthD being large compared to the domain walls, the magnetostatic
energy can be calculated by
Emag ≈ 16M
2
s D
pi2
odd∑
n
n−3[1− exp(−npiNt/D)]. (2.17)
Finally, the domain wall energy can be determined using the exchange stiffness A, and the
uniaxial (perpendicular) magnetic anisotropy constant KU:
Ewall ≈ 4Nt
D
√
AKU. (2.18)
2.4 Coupling Mechanisms
One example revealing the delicate interactions of two ferromagnets across a thin spacer layer
are shown in Fig. 2.9 and a lot of more work was done for coupled ferromagnetic systems
with respect to exchange coupling mechanisms between ferromagnets42–47. For perpendicular
15
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magnetized samples with thin spacer layers magnetostatic interactions are usually dominant,
especially if the homogeneity of the stray field is broken by a present domain configuration,
a patterned sample or an antiparallel magnetization alignment of both ferromagnetic layers.
Apart from dipolar interactions, direct magnetic coupling through pinholes in the spacer45,48,
the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction42,49–51, and orange peel coupling52,53
have been found. The coupling through pinholes is direct exchange as within a ferromagnet and
occurs at very small spacer thicknesses often below one nanometer (depending on the growth
mode: Frank-van der Merwe vs. Volmer-Weber growth) where the spacer layer is not contin-
uous any more45. On the other hand, orange peel coupling is based on correlated roughness
between both ferromagnetic interfaces, which induces surface and volume charges inducing
dipolar fields. Moritz et al. showed that orange peel coupling also can arise for films with per-
pendicular magnetic anisotropy (PMA) with an anisotropy dependence of the coupling mech-
anism46: for small magnetic anisotropy the magnetization within the film is parallel aligned,
inducing ferromagnetic coupling, whereas the magnetization vector tends to follow the layer
curvature for higher magnetic anisotropy, which may cause an antiparallel coupling dependent
on the roughness, the layer thicknesses, their magnetization and the exchange constant. Finally,
the RKKY interaction originates from a coupling of conduction electrons with core spins (s−d
hybridization), which also applies for rare-earth elements as an s − f hybridization2. For in-
creasing spacer thicknesses an oscillating coupling mechanism with decreasing amplitude was
observed in sputtered thin films where, except for Cr, a spacer material independent oscillation
period of around 10 Å was found54,55. This was in contrast to the theory according to which
the periods are related to spanning vectors of the spacer Fermi surface and thus should vary
for different materials56. Later, due to a better interface and crystal quality, MBE was used
to investigate the exchange coupling of an Fe/Au/Fe trilayer with a Au wedge, where a short
range oscillation has been observed being in perfect agreement with measurements of the cor-
responding Fermi surface57. The vanishing of smaller oscillation periods (nowadays known as
the aliasing effect49) just due to an increased interface roughness of the spacer layer was shown
in a theoretical work of Bruno et al.42 and additionally, the occurrence of multiple periods was
found to be a consequence of interferences due to the non-uniform discrete spin distribution
within the ferromagnetic layer, especially for interatomic distances being large compared to the
Fermi wavelength.
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2.5 Ferromagnetic Layers With Perpendicular Magnetic
Anisotropy
In the following the L10-chemically ordered FePt alloy and multilayered films, consisting of
thin Co and Pt (or Pd) layers, will be considered, which all can reveal perpendicular magnetic
anisotropy.
2.5.1 [Co/Pt] and [Co/Pd] Multilayers
In contrast to the PMA of L10-chemically ordered FePt with (001) texture, which is dominated
by magnetocrystalline anisotropy as will be shown later, very thin ferromagnetic films also
can reveal an easy axis being aligned normal to the film plane for reasons of other magnetic
anisotropy contributions: U. Gradmann58 observed PMA for Ni48Fe52(111) and face centered
cubic (fcc)-Co(111) films for thicknesses in the monolayer range, whereas thicker layers show
in-plane magnetic easy axis. He ascribed this to a surface anisotropy being proportional to
the ratio of surface to volume as already predicted by L. Néel59. Especially starting in the
late 80’s a lot of work has been done on multilayers with thin ferromagnetic layers combined
with nonmetallic spacer layers60,61 with the focus on [Co/Pt] as well as [Co/Pd] multilayered
structures62–69. Carcia et al.70 investigated [Co/Pd] multilayers and showed that perpendicular
magnetic anisotropy can be achieved for Co thicknesses equal and below t ≤ 8 Å. Furthermore,
they defined a formula for the effective total anisotropy energy Keff :
Keff = −2Ks + (Kv + 2piM
2
s )t
λ
. (2.19)
The first term of the sum is given by the interface anisotropy of the two interfaces of each
ferromagnetic layer (here Co) and, as stated by the authors, also includes shape and volume
anisotropy contributions from the induced magnetization in each spacer (here Pd), whose exis-
tence was proven in later works71,72. The second term originates from the volume anisotropy
Kv times the particular ferromagnetic layer thickness t, which is a sum of magnetocrystalline
as well as magnetoelastic contributions, and the last term is determined by the shape anisotropy
of the Co layers. By plotting Keff times the bilayer period λ versus the ferromagnetic layer
thickness t as shown in Fig. 2.10, the transition from out-of-plane to in-plane anisotropy oc-
curs. Additionally, the intercept and the slope of the dependence Keffλ(t) enables a separate
determination of Ks and Kv. Due to a reasonable increase of the determined volume anisotropy
contribution in comparison to the magnetocrystalline anisotropy of hexagonal Co, Carcia et al.
concluded that the surface anisotropy at the Co/Pd interfaces and additional strain in these thin
ferromagnetic layers due to a lattice mismatch of 9 % (between Co and Pd) could account for
the magnitude of the perpendicular magnetic anisotropy70.
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Figure 2.10: Eﬀective
anisotropy energy multiplied
by the bilayer period λ
for [Co/Pd] multilayers with
a total thickness between
300 nm and 2µm in depen-
dence of the single Co layer
thickness. Symbols denote
experimental data for diﬀer-
ent Pd layer thicknesses as in-
dicated in the legend and the
line is a linear ﬁt through all
data points. Please note that
the authors denoted the ef-
fective anisotropy energy as
KU
70.
Moreover, [Co/Pt] multilayers have been further investigated with respect to the occurrence
of different Co crystal orientations (fcc and hcp) and with a particular interest in the origin of the
perpendicular magnetic anisotropy72,73. Hence, it was found that the Co starts to grow in the fcc
crystal structure but changes to hexagonal close packed (hcp) after about 1.2 nm. The presence
of the hcp lattice, which can additionally be induced by a proper choice of seed layers, is
accompanied by an increase of the volume anisotropy contribution, established by an additional
magnetoelastic anisotropy, stemming from unreleased strain being present at this thickness73.
On the contrary, the extrapolated surface anisotropy for the fcc structure is larger than for the
hcp structure finally leading to strong PMA in [Co/Pt] multilayers in the thin layer regime,
which has been found to originate from strong interfacial 3d− 5d hybridization, enhancing the
orbital momentum of Co that eventually causes PMA by the spin-orbit coupling (SOC)72.
Experimentally a lot of parameters of [Co/Pt] multilayers have been varied and their influence
on the magnetic properties are summarized in the work of C.-J. Lin et al.64. In the following,
only the texture of the [Co/Pt] multilayers will be further considered, which was varied by epi-
taxial growth of the multilayered structures on GaAs single crystalline substrates with different
orientations. The magnetic hysteresis loops for magnetic fields applied perpendicular to the
sample surface are shown in Fig. 2.11. A perpendicular magnetic anisotropy is present only for
(111) textured fcc-[Co/Pt], whereas direction <110> is intermediate and <100> is a magnetic
hard axis direction. Moreover, both anisotropy energies (<111> and <100>) are comparable ac-
cording to their value64. Thus it is not appropriate to reduce the magnetic anisotropy of [Co/Pt]
multilayers to surface and interface contributions alone, which may dominate at Co thicknesses
in the monolayer range, where (100) textured fcc-[Co/Pt] tends to have PMA, too64. But in case
of a larger Co thickness, the magnetoelastic and especially magnetocrystalline contributions
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Figure 2.11: M(H)
hysteresis loops for
out-of-plane applied
magnetic ﬁelds of
[Co(3.7Å)/Pt(16.8Å)]15
multilayers MBE grown
on diﬀerent GaAs single
crystalline substrates,
leading to diﬀerent
[Co/Pt] orientations63,64.
of Kv have to be considered as well, leading to a magnetization preferably pointing along the
<111> Co/Pt crystal axis as shown in Fig. 2.11.
For a more extensive discussion on the magnetic anisotropy, including an overview of multi-
layered structures, the reader may be referred to the report of Johnson et al.61 and the references
therein.
2.5.2 FePt Alloys
Based on the binary phase diagram of the bulk Fe-Pt system shown in Fig. 2.12, there are some
phases which are ferromagnetic. The disordered fcc phase of FePt is ferromagnetic as well
but not highlighted in the figure, because this so called A1-phase does not remain if the al-
loy is cooled from the liquid phase through its TC down to room temperature as is seen from
the phase diagram. Nevertheless, a room temperature deposited FePt thin film exhibits the A1
crystal structure because the energy barrier for atomic diffusion is too high to enable the forma-
tion of the L10-chemically ordered phase74 with face centered tetragonal (fct) crystal structure,
although this is the equilibrium phase under ambient conditions. Hence, the FePt thin film
has to be deposited at elevated temperatures75 or a post annealing process has to be applied
to overcome the energy barrier and induce L10-chemical ordering. In case of the FePt alloy,
the chemically ordered phase has a one hundred times higher magnetic anisotropy than the dis-
ordered A1-phase74 with the magnetic easy axis being parallel to the <001> crystal axis (also
called c axis). A definition of the quality of chemical order is given by the long range order
parameter S, which is determined by76
S =
p− r
1− r . (2.20)
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Figure 2.12: Phase diagram of the bulk Fe-Pt system
for the whole composition range and temperatures below
1800 ◦C. The crystal structure is given for each phase.
Additionally, data on the low temperature magnetic prop-
erties are added77.
The parameter r is given by the atomic
fraction of element A (for instance Fe),
whereas the denominator (1 − r) gives
the atomic fraction of element B (for in-
stance Pt) and the parameter r represents
the probability that atom A is on the right
position in the lattice. This probabil-
ity is 50% at minimum. Hence, for an
equiatomic composition, S varies from
0 to 1 with increasing long range order.
It was shown that the L10-chemical or-
der can be improved by increasing the
deposition temperature independent of
the crystal orientation78,79, which is ac-
companied by an increase of magnetic
anisotropy. Because of the proportional-
ity of the anisotropy constant and the co-
ercive field shown in equation 2.11, the
coercive field strength of an FePt thin
film can be tuned by the substrate tem-
perature during deposition or the post
annealing temperature. Especially for
the preparation method based on a post
annealing step of room temperature de-
posited FePt thin films, several investiga-
tions were performed to decrease the or-
dering temperature by adding a third el-
ement (Ag, Au or Cu) to the FePt com-
pound80–83. Whereas Au and Ag tend to segregate and enhance the mobility by diffusion to the
FePt grain boundaries leaving vacancies behind84, Cu is completely miscible and it is expected
that Cu replaces Fe in the FePt lattice85. Thus Cu addition has a large influence on the magnetic
properties, mainly a reduction of the saturation magnetization and the Curie temperature. In
summary, the requirements for an FePt thin film with perpendicular magnetic anisotropy pre-
pared by physical vapor deposition at elevated temperatures, which is the technique applied in
the present work, are (i) a sufficiently high substrate temperature to enable good L10-chemically
ordering and (ii) an adequate choice of substrate or seed layer to force a (001) textured growth
due to a magnetic easy axis being parallel to the c axis of L10-chemical ordered fct-FePt. More-
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over, an epitaxial growth of FePt(001) thin films is enabled by MBE and even sputtering by
using, for instance, single crystalline MgO(100) substrates75,86,87. This approach was also ap-
plied in the present work. Further details, such as the lattice mismatch and epitaxial relationship,
are given in chapter 6.1.1.
In Fig. 2.2 a large influence of the crystal structure on the magnetic properties was manifested
using the example of fcc-Fe, showing a crossover from the paramagnetic to the ferromagnetic
state with increasing lattice parameter. For the L10-chemically ordered FePt alloy, different
spacings between the Fe atoms for lateral and vertical directions also influence the magnetic
anisotropy88. But on the other hand, the Pt contribution is far from being negligible and further-
more, although the orbital moment is suppressed by the crystal field in a lattice, this contribution
to the overall magnetic anisotropy energy have to be taken into account for the L10 FePt phase.
Burkert et al.89 have shown that the anisotropy energy is reduced by almost one order of mag-
nitude if the Pt spin-orbit coupling is disregarded. These studies88,89 are based on first principle
calculations using fully relativistic computational muffin-tin orbital methods. To further elu-
cidate the effects of spin-orbit coupling and hybridization, Ravindran et al.88 also plotted the
DOS of FePt for the Fe and Pt atoms separately (see Fig. 2.13). Although the Pt bands, in con-
trast to Fe, are almost completely occupied, it is obvious that they are also degenerated with the
majority spins of Fe (different DOS for Pt spin-up and spin-down electrons), which indicates a
hybridization between both d bands (Fe 3d hybridized with Pt 5d). As has been shown experi-
mentally by X-RAY MAGNETIC CIRCULAR DICHROISM (XMCD) studies on CoPt3 films90, Pt
5d bands can indeed play an important role for the perpendicular magnetic anisotropy. Hence,
the hybridization and the large spin-orbit coupling of Pt is believed to be the reason for strong
magnetocrystalline anisotropy being present in L10-chemically ordered FePt alloys.
Figure 2.13: Projected density of states (PDOS) for FePt with the magnetic quantization axis along
[001] for both spin orientations. The left panel represents PDOS for Fe and the right one for Pt. Please
note that the s and p bands are multiplied by 10 and 15, respectively88.
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In a short study it will be shown experimentally that the growth of L10-chemically ordered
FePt thin films can additionally be promoted by a surfactant mediated growth using Sb. Similar
to Ag and Au as mentioned before, Sb also tends to segregate but moreover diffuse to the free
surface during film deposition91, which has an influence on the L10 ordering process. For these
studies substrate/Sb(x)/FePt(55) bilayers (numbers in brackets give the nominal layer thickness
in Ångström) were deposited by MBE in an UHV chamber on MgO(100) single crystalline
substrates at a substrate temperature of 300 ◦C. At this elevated temperature the Sb is assumed
to re-evaporate from the substrate and form layers with a thickness in the monolayer range
only92, which is required for a surfactant mediated growth. Hence, the nominal thicknesses
were chosen to x = 12 Å and x = 24 Å. The final Sb thicknesses were determined by Ruther-
ford backscattering spectrometry (RBS). After the film preparation the samples were transferred
in vacuo (< 5 · 10−9 mbar) to another chamber allowing Auger electron spectroscopy (AES)
measurements (see appendix B.1) to verify the surface segregation of Sb due to the very small
penetration depth of the Auger electrons. An exemplary AES spectrum is shown in Fig. 2.14 of
the sample substrate/Sb(12 Å)/FePt(55 Å) using two different amplification voltages Vpp. Apart
from the Fe LMM transitions at energies larger than 500 eV and one peak at 275 eV, which can
be attributed to a KLL transition of carbon as a contamination, there are indeed some peaks
arising from electron transitions of Sb (MNN ) at around 390 eV. Thus a small energy range
was additionally measured at Vpp = 10 V to enhance the signal-to-noise ratio. Due to the clear
presence of Sb peaks in the AES spectrum, the diffusion of Sb to the surface during the FePt
deposition is verified, which could be additionally confirmed by RBS measurements where the
residual Sb thickness was determined to x = (3 ± 2) Å being independent on the nominal
Sb thickness, confirming the assumption of a re-evaporation of Sb from the heated substrate
during growth. At the same time the FePt thickness was determined to tFePt = (55 ± 9) Å.
To analyze the influence of the surfactant mediated growth on the magnetic properties, M(H)
hysteresis loops have been recorded by superconducting quantum interference device (SQUID)
1 5 0 3 0 0 4 5 0 6 0 0 7 5 0
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- 6 . 5
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Figure 2.14: Derivation
of the Auger electron spec-
troscopy (AES) measurements
at diﬀerent ampliﬁcation
voltages taken for a sample:
substrate/Sb(12Å)/FePt(55Å)
deposited at 300 ◦C. The
color-coded vertical lines de-
ﬁne the element-speciﬁc peak
positions93.
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Figure 2.15: (a) M(H) hysteresis loops for out-of-plane and in-plane (open symbols) applied
magnetic ﬁelds and (b) eﬀective magnetic anisotropy constant Keff of the Sb thickness series
(substrate/Sb(x)/FePt(55Å)) deposited at 300 ◦C on MgO(100) single crystalline substrates. In addition,
Keff is given for two other samples deposited at 400 ◦C.
magnetometry (see appendix B.2) for in-plane as well as out-of-plane applied magnetic fields
that are shown in Fig. 2.15 (a). The saturation magnetization and also remanent magnetization
of all three samples are comparable but FePt films grown on a previously deposited Sb layer
reveal a small increase of the coercive field strength, which is related to an increase in mag-
netic anisotropy as summarized in Fig. 2.15 (b). For the pure FePt film deposited at 300 ◦C an
effective magnetic anisotropy constant of Keff = (9.3± 0.6) Merg/cm3 was determined, which
could be improved by more than 15% to Keff = (10.8 ± 0.7) Merg/cm3 if the surfactant medi-
ated growth with Sb is applied. Additionally, as mentioned earlier, an even larger perpendicular
magnetic anisotropy could be achieved at higher deposition temperatures improving the chem-
ical ordering of the binary alloy. For a deposition temperature of 400 ◦C the effective magnetic
anisotropy of a pure FePt film reaches Keff = (15.8 ± 0.9) Merg/cm3 and can be increased to
Keff = (16.4 ± 1.0) Merg/cm3 in case of a surfactant mediated growth (see Fig. 2.15 (b)). The
increase in perpendicular magnetic anisotropy due to Sb at 400 ◦C corresponds to an enhance-
ment by only 4%, which could be related to a reduction of stability of the Sb monolayer at
increasing temperature. However, this assumption could not be verified experimentally.
By depositing FePt at even higher temperatures (up to 700 ◦C) an effective magnetic anisotropy
for the L10-chemically ordered FePt films of up toKeff = 100 Merg/cm3 has been reported94–96.
In this regard, the improvements achieved by the surfactant mediated growth seem small, but
can become relevant if only moderate deposition temperatures have to be chosen for reasons
of a necessarily smooth film morphology, since the surface roughness drastically increases
with higher temperatures97. The presented surfactant mediated MBE grown FePt thin films
reveal a root-mean-squared surface roughness of Rrms = 1.2 Å (determined by atomic force
microscopy (AFM) on a (4× 4)µm2 large area) at a deposition temperature of 400 ◦C.
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3 Current Concept of Magnetic Data Storage
The industrial application of the currently used magnetic storage technique, the so called per-
pendicular magnetic recording, was enabled by the extensive studies of Y. Nakamura and
K. Ouchi, which finally led to the realization of a demonstrator having a storage density of
52.5 Gb/in2 99. Major advantages in comparison to the previously used longitudinal record-
ing100,101 were (i) stabilization of neighboring bits for reasons of demagnetizing fields leading
to a gain in thermal stability, (ii) higher as well as more uniform read-back signals due to the
uniaxial out-of-plane anisotropy of the media and (iii) higher write fields in combination with
a soft underlayer (SUL). A perpendicular magnetic recording device is shown schematically in
Fig. 3.1. The medium consists of a granular thin film revealing PMA, which is deposited above
a SUL with in-plane magnetic anisotropy. In combination with the write head, having a narrow
write and a broad return pole, the SUL was one of the milestones necessary to successfully im-
plement the industrial utilization of this new recording technique, which eventually took place
in 200698. Today, around ten years later, the storage technology again approaches a thermal
stability limit given by the energy equivalence of thermal and magnetic anisotropy energy:
kBT = KUV. (3.1)
The thermal energy is predefined because the HDD has to work at room temperature and suppli-
ers usually guarantee for operating temperatures up to around 60 ◦C. Hence, for a given material
with a certain uniaxial magnetic anisotropy constant, the only possibility to increase the storage
density is to decrease the bit volume V . But at a certain critical size the magnetization of these
single bits starts to fluctuate and a magnetization reversal could occur with the consequence of
data loss. This effect is called superparamagnetism and the limit of thermal stability is called the
Figure 3.1:
Schematic drawing
of a perpendicular
magnetic recording
system being used in
commercial available
hard disk drives98.
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Table 3.1: Uniaxial magnetic anisotropy constant and anisotropy ﬁeld of selected materials, which
are promising candidates to replace currently used alloys based on CoCrPt for perpendicular magnetic
recording102.
Material KU [107 erg/cm3] Ha [kOe]
(CoCr)3Pt 1 25
L10 FePd 1.8 32.7
L10 CoPt 4.9 122.5
L10 FePt 7 122.8
SmCo5 20 439.6
superparamagnetic limit, which will be reached at a density of around 1 Tb/in2 for the present
storage technique based on granular CoCrPt alloy thin films.
An obvious solution is to search for materials having higher magnetic anisotropy, which
already has been done and some promising candidates were found as summarized in Tab. 3.1.
Thus on first sight a further increase of the areal density by around one order of magnitude
seems to be straightforward by using, for instance, L10 chemically ordered alloys. Focusing on
L10-Fe(Co)Pt materials, Wang et al. gave an extensive review with regard to ultrahigh density
perpendicular magnetic recording while concentrating on realizing high thermal stability, high
signal-to-noise ratio (SNR) and writability103. Because these parameters can not be increased
independently from each other, a physical upper limit for the magnetic recording density is
based on the recording trilemma104: the underlying key role is played by the write head, whose
maximum field strength is almost exhausted in conventional write elements101 and the aim of an
ever increasing recording density. The latter makes materials necessary having higher magnetic
anisotropy that smaller grains are thermally stable, but due to the higher coercive field strength
as a result of the higher magnetic anisotropy (cf. equation 2.9), these bits can not be written by
the recording head.
Thus a variety of new concepts are under discussion35 but there is basically none without any
obstacle. Currently, the top-rated one is heat assisted magnetic recording (HAMR), where each
recording bit is stored on a high magnetic anisotropy medium by temporarily heating a nanome-
ter sized region, reducing its coercive force and rapidly cooling it in the applied head field
whose direction encodes the recorded data35. But it was found that an applied field just larger
than the thermally reduced coercivity is an insufficient criterion because thermal fluctuations in
the material itself lead to write errors, which are considered by the recording quadrilemma106.
However, in the present work the focus will be on the concept of bit patterned media (BPM),
which is schematically compared to granular media in Fig. 3.2. The following discussion is
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Figure 3.2: Conventional multigrain media in comparison to the data storage concept of bit patterned
media, where each magnetic bit is physically patterned onto the disk105.
based on the white paper of Hitachi Global Storage Technologies Ltd. from 2008105. Whereas
each single bit in the currently used storage technology consists of several magnetic grains, the
bits of bit patterned media consist of just one single-domain magnetic island. These islands can
be larger than a single grain but are far smaller than the overall written bit in the granular media
giving rise to an increase of storage density while keeping thermal stability. At densities greater
than 1 Tb/in2 the bit pitch of the pattern needs to be 27 nm and smaller, which requires very high
accuracy of nanopatterning techniques, currently not available especially in mass production.
A large-scale approach for the pattern preparation could be given by the optical lithography
known from the semiconductor industry, but today’s standards are still far away from such
small dimensions. On the other hand, e-beam lithography enables a preparation of high quality
nanodots but this technique is not industrial applicable and the price per disk would become
non-competitive. Another possibility for pattern preparation is based on self-assembled parti-
cles107, which are subsequently coated by a ferromagnetic film108. The self-assembly of small
particles not only works with latex particles, in the present work, for instance, silica has been
used. Main requirements for a large monolayer assembly of the particles109 are the size as well
as the size distribution within the particular suspension, the particle concentration and the veloc-
ity of evaporation accompanied by the velocity of the current of the solvent at the top meniscus,
where the crystallization takes place. The quality of the self-assembly can be further influenced
27
by the droplet volume, the tilt angle as well as the wettability of the substrate109. Especially
the latter can be drastically enhanced by different cleaning methods and become increasingly
important with decreasing particle diameter, since the solvent thickness has to be smaller than
the particle dimension to enable a steady upstream flow. Thus water is not a suitable solvent
for very small particles because water films become unstable at thicknesses below 90 nm110.
Furthermore, although smaller particles are already commercially available, their size distribu-
tion is still not sufficient to utilize this technique for large-scale patterns. Perspectively, such a
preparation of homogeneous dot arrays for patterned media at 1 Tb/in2 and beyond might be en-
abled by another approach called directed assembly method that combines e-beam lithography
with block copolymer self-assembly. This technique was developed within a collaboration of
the University of Wisconsin and Hitachi GST by which very regular arrays with dot periods of
20 nm can be formed.105. In recent years further investigations of directed self-assembly have
led to improvements concerning the minimum particle diameter and various dot arrangements
as well as periods111–117.
Apart from difficulties concerning the pattern preparation, another important obstacle of BPM
should be mentioned although it will not be addressed in the present work. It is given by
the spatial adjustment of the read-write head and the magnetic dot especially while writing
information and for any deviation of particular dots from the perfect grid. Meaning there is
a need for so called synchronized writing118, which is not necessary for continuous granular
media, where the write element quasi arbitrarily defines the place of the first written bit and the
write clock specifies the others. Such a spatial adjustment, which will finally be at the expense
of data rate, is even more crucial since every wrongly written bit in BPM will cause 100% error
because there is no averaging over some grains any more.
Another concept for a further increase of storage density in HDD is the three dimensional
recording medium introduced by S. Khizroev119. Here the magnetic memory not only consists
of one single recording layer as shown in Fig. 3.1, but of N ferromagnetic layers, which all
have to be exchange decoupled from each other. Furthermore, each single recording layer have
to have different magnetic properties mainly expressed by well separated switching fields to
guarantee an unambiguous bit assignment. The achievable storage density initially will not
be limited by superparamagnetism but rather by the data recording and retrieval mechanism119.
Furthermore, the writability of a 3D storage device will be altered by different spacing losses120,
the different distance between the write element and each particular recording layer. Apart
from this kind of 3D magnetic memory, there are some other realizations like, for instance, the
racetrack memory121–124 or the magnetic ratchet introduced by R. Lavrijsen et al.125
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4 3-Dimensional Magnetic Memory
Based on the discussions in the previous chapter on the subject of BPM this concept will be
combined with a 3D recording medium. First of all an easily adaptable method has to be
found to prepare ferromagnetic thin films with different magnetic properties, which seems not
to be possible for FePt thin films with PMA due to the need of epitaxial or at least textured
growth at high temperatures. Hence, [Co/Pt] multilayers have been utilized, which offer several
possibilities to tune the coercive field strength at room temperature.
4.1 Preparatory Examination of Single [Co/Pt] Multilayers
Apart from the dependence of the coercivity on both Co and Pt thicknesses64,126 or the amount
of repetitions64, the Ar background pressure during the sputter deposition process additionally
can influence the coercive field strength62. The latter dependence is applied in the following.
First of all, three [Co/Pt] multilayers were DC magnetron sputtered at different Ar pressures
on thermally oxidized p-Si(100) substrates with the following layer stack: substrate/ Pt(42)/
[Pt(8)/Co(4)]6/ Pt(30). Thicknesses in brackets are given in Ångström. The magnetic characteri-
zation presented in Fig. 4.1 was performed by a SQUID-vibrating sample magnetometer (VSM)
with in-plane as well as out-of-plane applied magnetic fields. Please note that the magnetization
of the multilayered samples was calculated by the sample area and the total Co layer thickness
only, which is not fully correct since the Pt layers have to be taken into account as well but
was neglected in order to be comparable to some referred publications62,64. All samples re-
veal strong out-of-plane anisotropy with a systematic increase of the easy axis coercive field
with increasing sputtering pressure from Hc = 110 Oe at 3.5µbar to Hc = 710 Oe at 10µbar.
These values are plotted in Fig. 4.1 (b) in dependence of the sputtering pressure together with
the calculated effective magnetic anisotropy constants determined by the easy and hard axis
M(H) hysteresis loops, which indicate an increase of the magnetic anisotropy as well. The
mechanism of the increased coercivity of [Co/Pt] multilayers with increasing sputtering pres-
sure is attributed to an enhanced formation of a fine columnar grain structure as suggested by
S. Hashimoto et al.62, which also leads to a higher roughness. The sample surface roughness
accessible by AFM (see appendix B.3) confirms this trend and was determined by (4× 4)µm2
large images calculating the root-mean-squared roughnessRrms, which systematically increases
from Rrms = 0.17 nm via Rrms = 0.21 nm to Rrms = 0.32 nm with increasing Ar pressure. To
additionally estimate interface roughnesses as well as single layer thicknesses X-ray reflectom-
etry (XRR) measurements (see appendix B.5) were performed. Thereby, a determination of
structural parameters of each single layer within the sample stack is possible by simulating the
experimental data with the open source software GENX, using the differential evolution algo-
rithm127. For that purpose, a model of the sample needs to be created as a starting point for
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Figure 4.1: (a) SQUID M(H) hysteresis loops of three samples (substrate/ Pt(42)/ [Pt(8)/Co(4)]6/
Pt(30)) deposited at diﬀerent Ar pressures as indicated in the ﬁgure for out-of-plane applied magnetic
ﬁelds. The magnetization per volume was calculated using the sample area determined by optical mi-
croscopy and the nominal thickness of the Co layers only (24Å). (b) Easy axis coercive ﬁeld values as well
as the calculated magnetic anisotropy values from the measured easy and hard axis curves in dependence
of the sputtering pressure.
the simulation: apart from each particular layer thickness and roughness, the refractive index
of the material has to be defined by the atom density (atoms per unit cell) and the characteristic
scattering probability for which an associated library can be used. According to the findings
of D. Weller et al.73 the lattice structure of Co at thicknesses below around 1 nm is fcc, which
has been considered in the model. Furthermore, instrumental parameters have to be defined
as, for instance, the wavelength of the radiation, primary as well as background intensity and
beam divergence. After that the simulation parameters have to be chosen where additionally to
some instrumental and structural values, like layer thickness and roughness, the atom density
of Co was taken for reasons of the large strain being present in [Co/Pt] multilayers (cf. chapter
2.5.1), which may distort the lattice. All the simulation parameters are given in the appendix
(see appendix C). To check the quality of the simulation in comparison to the measured data, a
figure-of-merit (FOM) is calculated as an absolute logarithmic error function:
FOM =
1
N − 1
∑
i
|logMi − logSi|, (4.1)
where N is the number of data points and Mi and Si represent the measured and simulated
value, respectively.
Reflectometry measurements are shown in Fig. 4.2 for the same [Co/Pt] multilayers but de-
posited at different Ar sputtering pressure including the corresponding simulations. The evalu-
ated results of the whole sample series, the particular layer thicknesses and roughnesses of all
three [Co/Pt] multilayers deposited at different Ar pressure, are summarized in Fig. 4.3, which
are based on simulations with a figure-of-merit better than 5.4 · 10−2. Basically, the layer thick-
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Figure 4.2: XRR measure-
ments (denoted by colored symbols)
and corresponding simulations us-
ing GenX (black lines with the par-
ticular FOM's given in the legend)
of the [Co/Pt] multilayers deposited
at diﬀerent Ar pressures as indi-
cated in the legend. Please note
that a vertical shift of 100 cps was
applied between the curves for rea-
sons of clarity.
ness of all contributed materials tend to increase with increasing sputtering pressure, which is
due to thickness calibrations performed at pAr = 3.5µbar only. Hence, with varying sputtering
pressure the sputter coil shape may change, leading to a different tooling factor especially since
the sputtering power has to be increased at higher pressures to keep the deposition rate constant.
This increase of the obtained Co layer thickness from around 2 Å to 3 Å with higher Ar pressure
will induce a higher perpendicular magnetic anisotropy of the [Co/Pt] multilayered structure64
as shown in Fig. 4.1 (b) for this sample series. Dependent on the increase of the saturation mag-
netization and according to equation 2.9 this would also induce a higher coercive field strength.
But in accordance to S. Hashimoto and co-workers62 the main reason for the larger Hc is the
strong increase of the interface roughness as shown in Fig 4.3 (b) by a factor of about two with
increasing argon pressure.
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Figure 4.3: Simulation results of the XRR data shown in Fig. 4.2 of the following samples: substrate/
Pt(42)/ [Pt(8)/Co(4)]6/ Pt(30) (thicknesses given in Ångström) deposited at diﬀerent Ar pressure. In (a)
the thickness of all contributing single layers and in (b) the roughness (total root-mean-squared roughness
of the particular upper and lower interface) in dependence of sputtering pressure is summarized. Please
note that the single layers of the multilayered structure (Pt and Co) are averaged over all six repetitions
and that the ordinate scale in (a) is logarithmic.
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4.2 [Co/Pt] Multilevel Systems With two Recording Layers
4.2.1 Continuous Films
In the following the term multilevel system means stacked [Co/Pt] multilayers separated by
adequate spacers and each with different magnetic properties mainly expressed by well sepa-
rated coercive field strengths. Based on the preliminary investigations shown in the previous
chapter, first samples were prepared having two different [Co/Pt] multilayered structures with a
Pt spacer in between: Si/SiO2/ Pt(42)/ [Pt(8)/Co(4)]6soft/ Pt(x)/ [Co(4)/Pt(8)]6hard/ Pt(22) (thick-
nesses in brackets are given in Ångström) with x = 30 Å or x = 50 Å. The particular soft
magnetic [Co/Pt] multilayer was deposited at pAr = 3.5µbar and the magnetic hard layer at
pAr = 10µbar. The magnetization reversal for out-of-plane as well as in-plane applied fields is
shown in Fig. 4.4, where the pronounced two-step reversal of the easy axis confirms sufficient
magnetic decoupling through the Pt spacer with x ≥ 30 Å, although the particular coercive
fields, even for the soft layer, are remarkably enhanced in comparison to the single layer (cf.
Fig. 4.1). All the coercive field values are summarized in table 4.1. Whereas the hard layer in
these multilevel systems is barley comparable to the single hard multilayer due to the different
growing conditions with respect to the underlying [Co/Pt] multilayer and different Pt spacer
thicknesses, the soft layer reversal should be comparable for all samples. Since it is not, the in-
crease of coercivity in the multilevel samples stems from exchange coupling through the spacer
layer, which favors a parallel alignment of both ferromagnetic layers with an assimilation of
Hsoftc and H
hard
c for decreasing spacer thickness x. The coupling mechanism could be due to
dipolar interactions and indirect exchange due to the polarization of Pt128.
To get a deeper insight into the correlation of both magnetization reversals of either the soft
and the hard layer, SQUID-VSM minor loops were measured for out-of-plane applied magnetic
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Figure 4.4: (a) out-of-plane and (b) in-plane SQUID M(H) hysteresis loops of Si/SiO2/ Pt(42)/
[Pt(8)/Co(4)]6soft/ Pt(x)/ [Co(4)/Pt(8)]6hard/ Pt(22) (thicknesses given in Ångström) with x = 30Å
or x = 50Å.
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Table 4.1: Measured easy axis coercivities of Si/SiO2/ Pt(42)/ [Pt(8)/Co(4)]6/ Pt(30) (thicknesses given
in Ångström) single multilayers and multilevel systems (Si/SiO2/ Pt(42)/ [Pt(8)/Co(4)]6soft/ Pt(x)/
[Co(4)/Pt(8)]6hard/ Pt(22)) with x = 30Å and x = 50Å. The soft and hard magnetic layer was deposited
at pAr = 3.5µbar and pAr = 10µbar, respectively. For comparison coercive ﬁeld values of a reversed layer
stack with the hard layer at the bottom are additionally added (cf. Fig. 4.1 (a), 4.4 (a) and 4.6).
single multilevel multilevel reversed stack
multilayer x = 30Å x = 50Å x = 100Å
Hsoftc [Oe] 110± 10 220± 10 200± 10 190± 10
Hhardc [Oe] 710± 10 1040± 10 1190± 10 660± 10
fields. The results for both Pt spacer thicknesses are shown in Fig. 4.5. Even though each
particular soft layer can be reversed separately without remarkable changes of the nucleation
or saturation field, which is independent of the hard layer orientation (parallel or antiparallel to
the soft layer), a remaining exchange coupling becomes obvious if the reverse field is chosen
for a state where magnetic domains are formed in the hard layer. Hence it has to be concluded
that the M(H) dependence of the multilevel sample with x = 30 Å is strongly influenced by
the hard layer as indicated in the magnetic reversal of the soft layer minor loop, revealing no
plateau in magnetization. Concerning equation 2.15 the previously homogeneous magnetostatic
interactions between both layers are disturbed due to the magnetic domain pattern in the hard
magnetic layer, and an additional contribution of domain wall energy occurs, which has to
compete with the anisotropy energy and the coupling energy for lateral exchange within the soft
layer. Because of the lack of a plateau, indicating a stable antiferromagnetic magnetization state
of the soft and the hard layer, and the reduced remanent magnetization of such a minor loop, it
seems that the magnetization reversal of the sample with x = 30 Å changes from the layer by
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Figure 4.5: Out-of-plane SQUID minor loop studies of the samples Si/SiO2/ Pt(42)/ [Pt(8)/Co(4)]6soft/
Pt(x)/ [Co(4)/Pt(8)]6hard/ Pt(22) (thicknesses given in Ångström) with (a) x = 30Å and (b) x = 50Å.
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layer mode to a breakdown into correlated ferrostripe domains. In this regard, an increasing Pt
spacer layer thickness will reduce the coupling strength and lower the magnetostatic interactions
between both ferromagnetic layers, which enables a stable layer by layer reversal mode as
observed for x = 50 Å (cf. Fig. 4.5 (b)). There, independently of the reverse field, the soft layer
can be separately switched and the hard layer magnetization remains according to the particular
portion, which has been reversed before. For further increasing field strength, the previously
reversed domains of the hard layer start to switch at around H ≈ 1 kOe and the magnetization
saturates at the saturation field of the major hysteresis loop. However, the increased switching
field distribution (SFD) of the soft and hard layer reversal of a minor loop indicate a still present
weak interaction across the Pt spacer, which is also expressed in a slight increase of the soft layer
switching field if a minor loop is measured with magnetic domains being present in the hard
layer (compare both minor loops of highest reverse fields shown in Fig. 4.5 (b)). The mechanism
for the latter is not yet clear, since the soft layer reversal is not influenced at all if the hard layer
is in a saturated state but any remanent contribution from the magnet of the SQUID-VSM can
be excluded. Furthermore, a mutual influence of both ferromagnetic layers over even thicker Pt
spacer layers have been reported elsewhere129,130.
For comparison a sample with a reversed stack was prepared. Due to a possible increase in
roughness (induced by the high sputtering pressure during hard layer deposition) the Pt spacer
thickness was increased to x = 100 Å because thicker Pt films seem to reduce the roughness (cf.
Fig. 4.3 (b)). The easy axis magnetization reversal shown in Fig. 4.6 reveals that a two-step re-
versal could be achieved with Hsoftc = 190 Oe and H
hard
c = 660 Oe. These values are included
in table 4.1. The hard layer coercivity, now being comparable to the single hard multilayer
(Si/SiO2/ Pt(42)/ [Pt(8)/Co(4)]6/ Pt(30) deposited at pAr = 10µbar), is decreased due to ex-
change interactions, whereas the soft layer coercivity is increased, which additionally is due to
an increased roughness as discussed before. Although the Pt spacer was doubled to x = 100 Å,
basically to induce lower exchange coupling, obviously this was not achieved for the reversed
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Figure 4.6: Out-of-plane
SQUID-VSM (minor) M(H)
hysteresis loops of Si/SiO2/
Pt(42)/ [Pt(8)/Co(4)]6hard/
Pt(100)/ [Co(4)/Pt(8)]6soft/
Pt(22). All thicknesses given
in Ångström.
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layer stack as observed by the minor loop study revealing a similar behavior like the sample with
the soft layer at the bottom and x = 30 Å (see Fig. 4.5 (a)). Hence, the increased roughness of
the magnetically hard [Co/Pt] multilayer at the bottom might induce additional coupling mech-
anisms such as orange peel coupling. Furthermore, indirect exchange might play a role as well
because of an effectively thinner spacer layer of Pt, which is known to become magnetic polar-
ized131. This finally reveals the need for a distinct increase in spacer layer thickness especially
for such rough interfaces. However, any thickening of the spacer layer would not be advanta-
geous for magnetic storage applications due to a larger distance between the recording layer and
the write head, deteriorating the recording performance. Thus all studies being presented in the
following were performed on samples with the soft magnetic layer at the bottom. Furthermore,
to tune the magnetization of the soft and hard layer in order to improve the contrast of magnetic
force microscopy allowing a clear identification whether the soft or the hard layer has reversed,
the amount of repetitions was changed: the soft layer now has five repetitions and the hard layer
seven. Fig. 4.7 shows the M(H) hysteresis loop of the modified multilevel system compared to
the symmetric stack, revealing the intended change of saturation magnetization of both layers.
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Figure 4.7: Comparison of
the inﬂuence of diﬀerent repeti-
tions of the [Co/Pt] multilayers
based on out-of-plane SQUID-VSM
M(H) hysteresis loops of Si/SiO2/
Pt(42)/ [Pt(8)/Co(4)]xsoft/ Pt(50)/
[Co(4)/Pt(8)]yhard/ Pt(22). All
thicknesses given in Ångström.
4.2.2 Nanopatterns
As mentioned in chapter 3, self-assembled silica nanoparticles have been used as templates to
achieve patterned [Co/Pt] based multilevel systems. Three different nominal particle diameters
were used: d = 50 nm, d = 100 nm, and d = 330 nm. The size distribution of these particles
within the suspension is improved with increasing diameter from around 30% to 7%, which
was determined by AFM and scanning electron microscopy (SEM)109. Hence, for the largest
particles an area of around 4 mm2 could be covered by a homogeneously and densely packed
monolayer of silica particles with a few dislocations only, whereas for the smaller particle di-
ameters the connected monolayer covered areas are decreased and the periodic arrangement is
limited.
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The layer stack, substrate/ Pt(42)/ [Pt(8)/Co(4)]5soft/ Pt(x)/ [Co(4)/Pt(8)]7hard/ Pt(22) (thick-
nesses given in Ångström) with x = 50 Å and x = 100 Å, was DC magnetron sputtered on
planar Si/SiO2 substrates (see Fig. 4.7) and onto self-assembled silica particles. The magneti-
zation reversal was investigated by MOKE magnetometry (see appendix B.2) as well as MFM
imaging (see appendix B.3) in zero field after positive magnetic saturation and additionally af-
ter subsequently applied reverse fields. A series of such MFM images is shown in Fig. 4.8 for
the sample with x = 100 Å prepared on 330 nm silica spheres. Starting with the first image,
which shows the remanent state of the sample just after magnetic saturation, both [Co/Pt] mul-
tilayers are still in the saturated state revealing Mr/Ms = 1. Furthermore, all caps appear to
be in the single-domain state, which has also been reported by T. C. Ulbrich et al.132. Before
taking the next image, the sample was exposed to a reverse field of −370 Oe, whereby the soft
layer of some caps has reversed. This is indicated by the brightening of the contrast of some
dots, although the contrast is rather weak due to the fact that now the total moment is reduced.
Continuing increase of the reverse field leads to an increasing amount of soft layer reversals,
but due to the tip magnetic stray field some tip induced switching events occur as well. After
applying a reverse field of −1500 Oe the first hard magnetic dots have switched, expressed by
0 Oe -370 Oe
-2500 Oe-1500 Oe -2200 Oe
-800 Oe
Figure 4.8: Remanent MFM images after positive saturation and subsequently applying diﬀerent re-
verse ﬁelds as indicated in each ﬁgure of the sample Si/SiO2/ Pt(42)/ [Pt(8)/Co(4)]5soft/ Pt(100)/
[Co(4)/Pt(8)]7hard/ Pt(22) (thicknesses given in Ångström). The scale of the phase shift is the same
for all images.
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a distinct increase in brightness. Finally, the complete magnetization reversal is almost finished
after applying a reverse field of H = −2500 Oe.
On the basis of these MFM images, an M(H) hysteresis loop has been extracted for the
330 nm and 100 nm large particles. An exemplary image for the smaller particles is shown in
Fig. 4.9 recorded at zero applied field after positive saturation, which also reveal Mr/Ms = 1.
For the smallest particles of nominal 50 nm diameter the particle arrangement is not regular
and did finally not allow getting a reasonable MFM evaluation. Thus Fig. 4.10 (a) summarizes
the results for 330 nm and 100 nm particles, which are further compared to the continuous thin
film M(H) hysteresis loop measured by polar MOKE. Because of many tip induced switching
events during the measurements of 330 nm particles as discussed before (see Fig. 4.8), error
bars were added to the evaluation. For the 100 nm particles no tip induced switching events
occured due to a reversed tip magnetization and furthermore, the good statistic of more than
thousand dots per image allowed a convincing analysis. However, the main difference, which
arises because of the patterning, is the increase in coercivity and SFD with decreasing particle
size while the nucleation field stays rather constant. These changes are due to the change in re-
versal mechanism from a domain nucleation/propagation dominated process in the continuous
thin film to a more coherent magnetization reversal process of single strongly exchange decou-
pled nanostructures133,134. In the former case, the magnetically softest grains in the thin film
reverse first, followed by domain wall propagation, spreading over the whole sample until mag-
netic saturation is reached. On the other hand, the strongly exchange decoupled nanostructures,
intrinsically having different magnetic anisotropies, reverse individually where some very hard
magnetic dots always reverse last as observed in Fig. 4.8. The increase in SFD is due to the
increasing distribution of magnetic properties at smaller dimensions accompanied by a larger
size distribution of the SiO2 particles. Finally, this leads to an overlap of both switching field
distributions of the soft and the hard layer as observed from MOKE measurements for the array
of 50 nm particles, shown in Fig. 4.10 (b). Hence, with this layer stack no suitable multilevel
Figure 4.9: Remanent MFM
image after positive satura-
tion of the stack Si/SiO2/
Pt(42)/ [Pt(8)/Co(4)]5soft/
Pt(100)/ [Co(4)/Pt(8)]7hard/
Pt(22) deposited onto 100 nm
self-assembled silica spheres.
All thicknesses are given in
Ångström.
37
4.2 [Co/Pt] Multilevel Systems With two Recording Layers
- 4 - 3 - 2 - 1 0 1 2
- 1 . 0
- 0 . 5
0 . 0
0 . 5
1 . 0
- 6 - 3 0 3 6
- 1 . 0
- 0 . 5
0 . 0
0 . 5
1 . 0
Nor
ma
lize
d M
agn
etic
 Mo
me
nt
M a g n e t i c  F i e l d  [ k O e ]
 M O K E ,  f l a t  f i l m M F M ,  d = 3 3 0  n m M F M ,  d = 1 0 0  n m
a ) b )
Nor
ma
lize
d K
err 
Rot
atio
n
M a g n e t i c  F i e l d  [ k O e ]
 d = 5 0  n m d = 1 0 0  n m d = 3 3 0  n m
Figure 4.10: (a) Polar MOKE hysteresis loop of a Si/SiO2/ Pt(42)/ [Pt(8)/Co(4)]5soft/ Pt(100)/
[Co(4)/Pt(8)]7hard/ Pt(22) continuous ﬁlm (thicknesses given in Ångström) and the M(H) dependence
of capped nanospheres derived from MFM studies. The error bars of the evaluation of 100 nm particles
originate from the presence of many tip induced switching events. (b) MOKE hysteresis loops of all three
samples prepared on diﬀerent particle assemblies of diameter d.
system can be realized at structure sizes smaller than 100 nm. Basically the same is true for the
other set of samples with a Pt spacer thickness of x = 50 Å (not shown).
To get a deeper insight into the magnetic reversal mechanism and the interaction between
both ferromagnetic layers, angular dependent remanence studies were performed by MOKE
magnetometry. In this regard, the remanent magnetization of the samples was measured for
reverse fields ranging from zero up to negative magnetic saturation, where the sample was al-
ways saturated in the initial field direction between each measurement. It has to be noted that
Mr/Ms = 1 is valid for all the samples after saturation. These experiments were repeated for
different angles between the sample surface normal and the magnetic field direction ψ, and the
particular determined switching fields were finally normalized to the value measured for ψ = 0,
the out-of-plane direction. Theoretically, as summarized in Fig. 2.6 (b), one would expect a
Stoner-Wohlfarth reversal mechanism for such exchange decoupled single-domain nanostruc-
tures with uniaxial magnetic anisotropy, which would be indicated by a minimum switching
field at ψ = 45◦. But as already observed for similar magnetic nanoparticle arrays135,136 the
magnetic properties are strongly influenced by the curved particle surface leading to a dis-
tributed tilt of the magnetic easy axis, which is predefined by the particle surface curvature.
Thus for smaller particles with diameter d ≤ 50 nm, the minimum of the switching field tends
to shift to higher angles (60◦ . ψ . 80◦), whereas for larger nanostructures Hs(ψ) can become
angular independent or behave even more Kondorsky like135,136. The dependence of the switch-
ing field on the magnetic anisotropy and the coupling strength through the Pt spacer with either
x = 50 Å or x = 100 Å was investigated for the multilevel systems and the results of the angular
dependent studies are summarized in Fig. 4.11. It is obvious that the switching field variation
increases with decreasing magnetic anisotropy: the normalized soft layer switching field for
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both samples spread from around 0.5 . Hsofts (ψ = 0) . 3, whereas the hard layer shows
less variance. In this regard, the soft layer switching field generally stays rather constant for
ψ < 45◦, but increases for higher angles indicating a Kondorsky like reversal mechanism. Due
to the distribution of the magnetic easy axis alignment, which follows the particle curvature, the
applied reverse field for small angles (ψ < 45◦) is always antiparallel aligned to a certain area
of the nanosphere leading to no remarkable change of the reversal mechanism and thus the soft
layer switching field. On the other hand, at angles larger than ψ ≥ 45◦, the overlap of the coated
material with the neighboring cap leads to a hampered domain nucleation and the increase of
Hsofts . On the contrary, the hard layer switching field in case of x = 50 Å nicely follows the
simulated trend reported by T. C. Ulbrich et al.136 with a minimum at around ψ ≈ 60◦ for
50 nm particles, up to a rather angle independent behavior for the largest caps. In contrast to the
soft layer reversal mechanism, the higher anisotropy of the hard layer results in a more Stoner-
Wohlfarth like reversal. Eventually, thickening the spacer layer (compare Fig. 4.11 (b) and (d))
leads to a similar behavior but with a less pronounced minimum of Hhards (ψ) for magnetic caps
with 50 nm diameter. This behavior might be most probably due to a higher coupling between
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Figure 4.11: Angular dependence of the switching ﬁeld of the soft and hard layer of the multilevel
stack deposited onto SiO2 particles of diﬀerent diameter (50 nm, 100 nm, 330 nm) with a Pt spacer layer
thickness of (a), (b) x = 50Å and (c), (d) x = 100Å.
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neighboring caps: the lateral exchange decoupling of such multilayered caps is based on Co
and Pt alloying at the intersection of neighboring particles, as discussed in detail by J. Moser et
al.133. In this regard, it is essential to reduce the thickness of all contributing layers in particular
for even smaller particles. In the following subchapter, the magnetic properties of dot arrays
having very small dimensions will be discussed, which have been derived by micromagnetic
simulations.
4.3 Micromagnetic Simulations of Patterned Multilevel Systems
The presented studies of this subchapter are part of the master thesis of Benno Oehme137, who
has investigated [Co/Pt] multilayered systems on prepatterned substrates with special attention
to micromagnetic simulations of the magnetization dynamics of comparable dot arrays com-
puted on the basis of the Landau-Lifshitz-Gilbert equation138. This equation has been solved
by a simulation software applying a hybrid finite element/boundary element method139 of finite
elements with a mesh size of 30 Å. All simulations were carried out at zero Kelvin and with
maximum damping (α = 1). For reasons of computation time the dot array was limited to 7×7
hexagonal arranged 12-cornered dots, which was shown to be a good approximation for the
magnetic reversal of round-shaped dots.
All other simulation parameters are summarized in table 4.2 where the dot dimensions are
given as well. Trilayers similar to the experiments shown before were investigated. The dots
consist of a magnetically soft and a hard layer with perpendicular magnetic anisotropy separated
by a spacer layer. Three different pitches (dot center-to-center distances) were studied: 250 Å,
400 Å, and 600 Å. In case of the smallest pitch, a minimum lateral spacing between the dots
of only 50 Å appears, which will induce strong magnetostatic interactions. To further elucidate
the effect of additional magnetostatic interactions between both layers, the vertical spacing
(spacer thickness) was varied between 20 Å and 200 Å. No additional coupling mechanism was
introduced in the model.
Table 4.2: Parameters used for the micromagnetic simulations137: saturation magnetization Ms, uniax-
ial magnetic anisotropy constant KU, exchange stiﬀness A, dot diameter and height for the magnetically
soft and hard layer.
Ms [T] KU [MJ/m3] A [J/m] dot diameter [Å] dot height [Å]
soft layer 0.5 0.1
1.3 · 10−11 200 100
hard layer 1.0 0.3− 0.4
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Fig. 4.12 visualizes the switching field (coercive field of the particular layer) determined by
micromagnetic simulations for the 400 Å and 600 Å pitch in dependence of the hard layer mag-
netic anisotropy and spacer thickness. The increasing influence of stray field interactions with
decreasing spacer thickness is clearly seen by the convergence of the hard and soft layer switch-
ing field values, which on the other hand become negligible at distances above 200 Å. Fur-
thermore, by comparing a constant vertical spacing of, for instance, 200 Å for both different
pitches, the dependence of magnetostatic interactions between neighboring dots is apparent as
well: first of all, the switching field distribution represented by the bars in each figure increases
quite strongly with decreasing lateral spacing and second, the whole system becomes magnet-
ically softer. An increase of SFD at smaller dimensions was observed in experiments as well
but the origin is different since the simulated magnetic dots are (i) distinctly smaller and (ii)
uniform without any variation of magnetic properties. Thus all correlations observed in the
simulation are based on stray field interactions only, which favor a parallel alignment of the
magnetization vector of the soft and hard layer of a single dot and an antiparallel alignment for
neighboring dots. The latter causes a reduction of the switching field at smaller pitch sizes due
to the stray field reduction, finally reaching a demagnetized state. As a consequence, the SFD
becomes broader because the nucleation field decreases while the saturation field increases with
decreasing pitch size (cf. Fig. 4.12 (a) and (b)). This increase in SFD already leads to an overlap
of the soft and hard layer reversal at a pitch of 400 Å using a hard layer anisotropy constant of
KU = 0.3 MJ/m3 as presented in Fig. 4.12 (a). Here, a separate determination of the switching
fields was still possible but on the contrary, at a pitch of 250 Å the switching field distributions
are too broad to distinguish between the soft and hard layer reversal. For this pitch size, the
spatially resolved magnetization reversal was simulated for the soft layer to verify the influence
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Figure 4.12: Soft (dashed lines) and hard layer switching ﬁeld (solid lines) in dependence of the spacer
thickness determined by micromagnetic simulations of a magnetic bilayer system with (a) a 400Å pitch
and (b) a 600Å pitch for diﬀerent hard layer magnetic anisotropies as given in the legend. The magnetic
properties of the soft layer were kept constant according to the values given in table 4.2. The bars
represent the corresponding switching ﬁeld distribution.
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Figure 4.13: Simulated magnetization reversal of the magnetically soft monolayer using a 7× 7 array.
(a) shows one branch of the M(H) hysteresis loop and (b)-(k) visualizes the corresponding snapshots of
the color-coded magnetization direction of the dot array137.
of the limited number of dots at largest magnetostatic interactions. The simulated M(H) hys-
teresis branch and the corresponding magnetization configuration of the dot array is presented
in Fig. 4.13. The effect of magnetostatic interactions is obvious where the reversal starts in
the center of the array and ends for dots having less nearest neighbors at the corners although,
however, no alternating magnetization distribution is observed in the array. Thus, especially for
very small dimensions, the array size has to be increased to diminish such finite-size effects due
to a limited number of dots.
4.4 [Co/Pt] Multilevel Systems With Three Recording Layers
The study in this chapter is limited to planar films, consisting of three ferromagnetic layers
separated by spacer layers, again with special attention to the reduction of intralayer magne-
tostatic interactions across the spacer layers. In this regard, a sample with the following layer
stack was prepared: Si/SiO2/ Pt(42)/ [Pt(8)/Co(4)]4soft/ Ru(30)/ [Pt(8)/Co(4)]4medium/ Ru(30)/
[Pt(8)/Co(4)]4hard/ Ru(30) (thicknesses are given in Ångström). The magnetically soft and the
hard layer have been deposited at pAr = 3.5µbar and pAr = 10µbar, respectively, whereas the
so called medium layer was deposited at pAr = 6.5µbar. To reduce the overall film thickness,
the amount of each [Co/Pt] repetition was further reduced to four and as spacer material Ru was
chosen with a thickness of 30 Å, hence an overall spacer layer thickness (Ru+Pt) of nominally
38 Å exists in between each ferromagnetic multilayer. The magnetic hysteresis loop of the stack
for out-of-plane as well as in-plane applied magnetic fields is shown in Fig. 4.14 where a well
separated three-step reversal is observed. The anisotropy field of Ha ≈ 10 kOe is comparable
to the bilayer structures introduced before. The out-of-plane coercivities are Hsoftc = 40 Oe,
Hmediumc = 580 Oe andH
hard
c = 830 Oe. Apart from the reduction of repetitions, the quite large
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Figure 4.14: SQUIDM(H) hysteresis loops of the [Co/Pt] based multilevel system with three recording
layers for (a) out-of-plane and (b) in-plane applied magnetic ﬁelds. In (a) additional minor loops are
illustrated where for each magnetic conﬁguration the reversal of the soft layer is shown. The given tags
are for clariﬁcation of Fig. 4.15 (a).
decrease of Hsoftc in comparison to the single multilayer coercivity of the stack deposited at
pAr = 3.5µbar, which is Hc = 110 Oe (cf. table 4.1), originates from an antiparallel exchange
coupling being present at a Ru spacer thickness of 30 Å54. This assumption is supported by the
minor loops shown in Fig. 4.14 (a) where the soft layer (#1) reverses back to a parallel configu-
ration of the magnetic moments at an almost doubled coercive field of Hrightc = 76 Oe. For all
of those particular magnetization reversals (marked by numbers in both images), the field shift
as the difference of H leftc and H
right
c is summarized in Fig. 4.15 (a) in dependence of the various
magnetic configurations visualized in the corresponding sketches. A positive value of Hshift
basically means that the initial configuration is favored, whereas the final state is favored in
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Figure 4.15: (a) Field shift summarized for diﬀerent magnetic conﬁgurations as given in each sketch
determined by the minor loops shown in Fig. 4.14 (a). The particular magnetization reversal which is
analyzed, is highlighted by the magenta colored arrow. (b) Virgin curve as well as a minor loop measured
by SQUID for perpendicular applied magnetic ﬁelds of the [Co/Pt] based multilevel system with three
recording layers.
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case of a negative Hshift. The reason for different error bars is the remanent field in the magnet
coil, determined by the difference of the coercivities of the full loop. As expected, reversal #1
has positive and #3 negative Hshift, which means that the antiparallel state is favored for both
reversals. But surprisingly, for reversal #2 a positive Hshift ≈ 25 Oe was measured, although it
ends in the favored antiparallel magnetic configuration of all three layer and thus should show
a negative field shift. This indicates a strong influence of magnetostatic interactions of neigh-
boring layers, additionally revealing different magnetic anisotropies, which compete with the
antiparallel RKKY coupling across the Ru spacer layer.
Although a three-step reversal occurs for this Ru spacer thickness as well as that the magnet-
ically soft and medium layer could be reversed separately, the minor loop investigations shown
in the previous chapter revealed that this is not sufficient to confirm adequate exchange decou-
pling. Thus an additional minor loop was recorded for this sample, where a magnetic domain
pattern was formed in the hard layer while both other layers were in the saturated state. Further
on, also a virgin curve was measured, where all ferromagnetic layers start from the demagne-
tized state. Both are shown in Fig. 4.15 (b). Although the used demagnetization routine was
not able to fully degauss the soft layer as seen from the virgin curve, which does not start at
zero, both measurements proof an independent and well separated magnetic reversal of each
layer no matter if magnetic domains were already there or not. Nevertheless, a weak interaction
of the layers (antiparallel coupling) was already discussed and is also revealed by the reduced
saturation field and the slightly increased SFD of the minor loops in comparison to the full
loop. It is important to mention that further decrease of the Ru spacer thickness is possible
since Ru reveals an oscillatory exchange coupling with a vanishing interaction at around 10 Å
or even 5 Å140. In between, the coupling is either ferromagnetic or antiferromagnetic and by
means of the Ru spacer thickness an antiferromagnetic RKKY coupling might be of interest to
compensate the magnetostatic interactions, in particular when using capped nanoparticles.
4.5 Summary
The investigations in this chapter revealed the possibility of a simple realization of multilevel
systems based on [Co/Pt] multilayers. Whereas the sputtering pressure dependence of the co-
ercivity effectively allows only stacks with the magnetically softest layer at the bottom, other
architectures are feasible by using different approaches, which will be addressed in chapter 6:
(i) using different materials like [Co/Pd] having a different magnetic anisotropy constant or (ii)
varying the Co layer thickness in the [Co/Pt] multilayer. However, for highly lateral exchange
coupled systems like ferromagnetic thin films, a preparation of multilevel systems with many
recording layers seems viable and depends strongly on the achievable narrow SFD. This will
become even more critical for exchange decoupled nanostructures, revealing an increasing SFD
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when decreasing the nanostructure size in a dense array. The necessary switching field differ-
ence in accordance to each particular layer limits the amount of recording layers, which can
be addressed by the write head of a hard disk drive with a maximum accessible field value of
around 15 kOe. On the other hand, improvements of homogeneous layer growth and advanced
nanopattering techniques might help to decrease the switching field distribution of the dot ar-
rays117.
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5 Introduction to Spintronics
In addition to possible applications of magnetic material introduced so far, spintronics, short
for SPIN ELECTRONICS, utilizes the magnetic moment together with the charge of the elec-
tron. The discovery of the tunneling magnetoresistance (TMR)141 and giant magnetoresis-
tance (GMR)142,143 effects in 1975 and 1988, respectively, lead to systematic studies about
the correlation of these two attributes (charge and spin). In the short time up to the present
day, a wide field of application was created and these highly sensitive sensors revolutionized
some areas, such as the magnetic storage technology144 or the safety instrumented system in the
automobile industry145.
5.1 Fundamentals of Magnetoresistance
The very first measurements, in which a magnetic field dependence of electrical resistance in
ferromagnetic (FM) material was found, had been already performed in 1857 by WILLIAM
THOMSON 146, later honored as Lord Kelvin. The effect he found is known as anisotropic mag-
netoresistance (AMR). After that discovery in bulk iron and nickel samples, it took more than
a century for a successful application mainly due to the lack of appropriate thin film deposition
techniques.
The magnetoresistance effects can be expressed starting with Ohm’s law:
j = E/%, (5.1)
where % = 1/σ is the electrical resistivity, j the current density and E is the electric field. In
the free electron model, which is a good approximation for metallic conductors with an almost
spherical Fermi surface2, it turns out that the conductivity σ can be written in terms of the mean
free path λ:
σ =
ne2λ
mevF
(5.2)
with the electron density n, the mass of a free electron me, and the Fermi velocity vF = λ/τ ,
where τ is the relaxation time, the average time between two scattering events. In other words
the resistance of a conductor is inversely proportional to the mean free path, which is mate-
rial specific and may also depend on an externally applied magnetic field H. The latter is due
to different mechanisms, which will be briefly introduced. First of all, the most obvious rela-
tion between moving charge carriers and a magnetic induction B is the Lorentz force, leading
to a deflection of the electrons if both are not parallel to each other. Electrons might then
move in a helix around the magnetic field direction, which leads to a B2 dependence of the
magnetoresistance (MR)147 as long as size effects do not play a role. This effect is the so called
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normal MR, which occurs in all metals and can reach quite high values in semimetals148. With
the magnetic inductionB = µ0(H+M), the MR in ferromagnets depends on the magnetization
M .
Further relations between B and E need a little deeper insight. Whereas the origin for mag-
netism was already introduced in chapter 2, the coupling to electronic transport is still lack-
ing. Following J. M. D. Coey2 and S. Chikazumi149, the electric transport in transition metals
and their alloys is mostly carried by s-electrons due to their high mobility compared to the
d-electrons, which are more localized. Although intrinsically not degenerated, the s-electrons
near the Fermi level may have spin character due to a hybridization with the d-states and thus
different scattering probabilities can occur, corresponding to the density of states (DOS) of the
majority and minority band. For non-magnetic metals one would not expect any differences be-
cause both spin states have identical DOS. Furthermore, spin-orbit coupling (SOC) of the con-
duction electrons, interacting with the orbital angular momentum of the localized d-electrons,
affects the magnetotransport properties as well150. This finally leads to a direction dependent
magnetoresistance, whereas the former scattering mechanism is isotropic.
The MR is generally defined by
∆%
%
=
%(H)− %0
%0
, (5.3)
the ratio of resistance with and without an applied field. Especially for TMR and GMR it is pre-
ferred to set %0 = %min because the electrical resistance usually has its minimum for magnetic
saturation, contrary to the normal (positive) MR, which is smallest at zero field.
5.2 Magnetoresistance Effects
In the following subchapters the focus is on AMR and GMR, but to give a brief overview about
the variety of magnetoresistance effects one should not forget to mention the ordinate Hall ef-
fect. Since this effect is not merely related to the electron spin itself, but rather originate in the
Lorentz force, it will not be discussed in the following. Another effect is the ballistic magnetore-
sistance (BMR), which comes into play when the conduction becomes quantized due to very
small dimensions, e.g. in point contacts. First research activities were reported by van Wees
et al.151 and García et al.152 The BMR can reach values of more than 200% at room temper-
ature due to scattering at the domain walls in nanoscopic sized ferromagnetic contacts, which
decreases very fast as the contact size increases153. Conversely, a down-to-earth calculation
where realistic band structures were used, gives a maximum BMR of just 70% for the optimum
case where the domain wall size is around one atomic monolayer only154. Furthermore, effects
like colossal magnetoresistance (CMR)155 and even TMR will be disregarded here, because the
focus is on layer systems containing metals exclusively.
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5.2.1 Anisotropic Magnetoresistance
AMR is the first MR effect found to appear in ferromagnets and is based on the spin-orbit
interaction (SOI) as stated in the previous paragraph. Basically, it can be fully characterized
by equation 5.1 with the resisitivity % = %(ϑ) being a function of ϑ, the relative angle between
the magnetization M and the current density j. It can be shown that the relation for the total
resistivity is given by149
% = %⊥ +
(
%‖ − %⊥
)
cos2 ϑ, (5.4)
where the two cases are the resistivities %⊥ for M ⊥ j and %‖ for M ‖ j. Hence, the AMR is
anisotropic with the resisitivity being maximum forM ‖ j. Results of field dependent resistivity
measurements of bulk Ni at constant ϑ are shown in Fig. 5.1 for the two cases with either
a parallel or perpendicular applied magnetic field with respect to the current flow direction.
Both measurements are normalized by extrapolating ∆%
%
to H = 0. Here, since current as
well as magnetic field direction will not be changed during the measurement, the shown field
dependence is due to the intrinsic ferromagnetic behavior of the sample: the distinct change
of resistivity at small applied fields up to H = 4 kOe is due to the magnetic reversal from the
demagnetized state to the saturated state with all spins pointing parallel to the externally applied
field direction, either parallel to the current with high electrical resistance or perpendicular to
the current with low electrical resistance. Further increase of the applied field led to a small
linear reduction of the electrical resistance independent of the angle ϑ, which is called forced
effect156. This effect is caused by electron-magnon scattering (spin flip intra- and interband
transitions) and the spin-wave damping in high fields157,158. However, the usual magnitude of
AMR does not exceed a few percent, but across the corresponding small field range it has high
sensitivity and the anisotropic dependence has allowed an application for sensors with angular
resolution for the first time.
Figure 5.1: Field dependent
resistivity normalized to H = 0
of Ni149, originally published by
E. Englert147.
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5.2.2 Giant Magnetoresistance
In contrast to AMR, GMR sensors usually have an isotropic dependence of the resistance and
this effect is called giant because GMR ratios of more than 100% were demonstrated159–161.
The effect was found by G. Binasch et al.143 in a sample consisting of two Fe layers antiferro-
magnetically (AF) coupled through a Cr interlayer (around 10 Å thick) with up to 3% resistance
change at ambient temperatures. The authors proposed that the effect results from spin-flip scat-
tering. Furthermore, due to the overlap of the spin-up and spin-down bands of Fe, they already
emphasized that other materials than Fe might be more advantageous. Around the same time
M. N. Baibich et al.142 found close to 100% magnetoresistance change in an [Fe(3)/Cr(0.9)]40
multilayer, whereby the single Fe layers were again AF coupled via interlayer exchange cou-
pling (IEC) through Cr. Both results of these first GMR measurements are shown in Fig. 5.2,
where in (a) G. Binasch and co-workers also added an AMR measurement of an Fe layer with
the same thickness as the trilayer structure, to emphasize the giant value of the effect. Hence,
the GMR was a new kind of MR, which arises in such heterostructures with nonmagnetic (NM)
spacers in between two FM, such that the electrical resistance decreases significantly by apply-
ing an external magnetic field, which aligns all magnetic moments parallel to each other.
a)                                                                                 b)
Figure 5.2: Results of ﬁrst GMR measurements of (a) G. Binasch et al. from a Fe(12)/Cr(1)/Fe(12)
trilayer in comparison to the AMR of a single Fe layer with 25 nm thickness143 and (b) of the
[Fe(3)/Cr(0.9)]40 multilayers measured by M. N. Baibich et al.142.
Very soon after its discovery, it become evident that the GMR effect originates from spin-
dependent scattering mainly in the bulk material and at the interfaces162–164 as well as scattering
at impurities165. Additionally, there is a further spin independent mechanism contributing to
the GMR due to the intrinsic potential, which is absent in all these early semi-classical models.
For clarification A. Barthélémy et al.166 have given a sketch for the potential landscape of the
conduction electrons (cf. Fig. 5.3), where the signs ± are corresponding to the spin directions
of the electrons (sz = ±1/2). The intrinsic potential is given by a Kronig-Penney potential
(different heights for the spin-up and spin-down channel), whereas the scattering potentials due
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Figure 5.3: Potential landscape of a structure consisting of non-magnetic (N) and ferromagnetic (F)
layers for both spin channels with (a, b) parallel and (c) antiparallel conﬁguration166.
to interfaces, impurities, etc., are represented by randomly distributed strikes. Now, for the
simple case of a rather defect-free multilayer structure with a mean free path λ much larger
than the period of the superlattice, it is possible to determine Bloch functions as well as Fermi
surfaces and velocities to finally be able to obtain the dependence R(H). It turned out that
all these parameters are different from each other for both spin configurations167. Thus GMR
should be possible without spin dependent scattering as well, but in most cases and especially
for thin films or multilayers the interface scattering is usually dominant2.
Furthermore, a nice simple picture of the GMR effect is given by A. FERT 166 on the basis
of Mott’s two current model168, which has been confirmed by a later more detailed study using
the Boltzmann transport formalism169. Due to the spin dependence of the electron density as
well as the (effective) mass (because of the imbalance in the number of spin-up and spin-down
electrons in FM), it turned out that there are intrinsic contributions for a spin dependent resis-
tivity %. In general, the density of states at the Fermi level is responsible for the major scattering
of the particular spin channel. In the two current model, this is implemented by considering
two parallel circuits of both independent spin channels, where the separate resistivities (%↑, %↓)
already include all contributions from the different scattering mechanisms and the electrons in-
volved (i.e. effects of hybridization and SOC). Please note that the arrows ↑ and ↓ represent the
majority and minority spin state of the FM, which can be reversed by a magnetic field. For a
better characterization, it is common to introduce the ratio of conductivities, the so called spin
asymmetry coefficient α
α =
%↓
%↑
, (5.5)
which can be smaller than 1 for, e.g., Ni containing Cr impurities170 or can even reach values
up to 30, as have been reported for Ni-Co alloys171. Finally, the overall resistivity of the FM
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follows
% =
%↑%↓
%↑ + %↓
, (5.6)
valid for low temperatures without any spin flip scattering. However, if one takes a momentum
transfer between the two spin channels into account, which can be induced by electron-magnon
scattering (spin-mixing effect), the resistivity is given by:
% =
%↑%↓ + %↑↓(%↑ + %↓)
%↑ + %↓ + 4%↑↓
, (5.7)
with the spin-mixing resistivity term %↑↓ 171, which actually equalizes both currents.
The mechanism of GMR using the example of G. Binasch’s trilayer structure is illustrated
in Fig. 5.4. Due to the different spin dependent resistivities for α 6= 1, it is possible that one
spin channel shunts the current for one magnetization configuration (low resistance state in
parallel (p) configuration of Fig. 5.4), whereas both are scattered in one of each magnetic layers
for the other magnetization configuration, leading to the high resistance state (antiparallel (ap)
configuration of Fig. 5.4). In reality, already a small difference of the scattering rates is sufficient
for a magnetization dependent resistivity. Usually the GMR (analogue to equation 5.3) given
by
GMR =
∆%
%
=
%ap − %p
%p
(5.8)
is positive, but there are some special cases where the so called inverse GMR effect was observed
with the low resistance state in the antiparallel magnetization configuration because of spin
Figure 5.4: Scheme of the GMR mechanism. The trajectories for spin-up and down electrons are
displayed by black lines with spin scattering events being visualized by abrupt changes in direction. In
case of parallel alignment of magnetization there is one spin channel without scattering leading to the
low resistance state in contrast to the antiparallel case where either spin channel is scattered in one of
each ferromagnetic layers. A corresponding circuit diagram is shown below172.
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asymmetries (opposite signs in adjacent layers or competing effects at the interface or in the
bulk). This can be achieved, e.g., by impurities173 and was observed recently with graphene174.
GMR Geometries: Fig. 5.5 illustrates two possible GMR measurement geometries, current
in-plane (CIP) and current perpendicular-to-the-plane (CPP). Because the former is a more
straightforward approach, concerning the sample preparation and measurement technique, this
was the first and also more intensively studied case for GMR devices. The difficulty for the
latter is that one has to add a bottom as well as a top electrode to the magnetoresistive lay-
ers to force a uniformly distributed current perpendicular through the stack. This was firstly
done by Pratt et al.175 on Ag/Co multilayers. The electrodes were made of superconducting Nb
deposited by sputtering through contact masks, where the chosen layout allows transport mea-
surements in both CIP and CPP geometries on the same sample at a measurement temperature
of 4.2 K. For the investigated specimens the CPP-GMR was three to ten times larger compared
to the CIP-GMR.
Another quite interesting experiment for comparison of CIP and CPP-GMR was done by Gijs
et al.176. They used grooved substrates and deposited a [Co/Cu] multilayer with a well defined
overall thickness by oblique-angle deposition technique. Such a sample is shown schematically
in Fig. 5.6 (a,b), whereas the results of MR measurements are plotted in (c). CIP measurements
had been carried out by measuring along the trenches and the CPP-GMR was determined by
measuring perpendicular to them, as shown in Fig. 5.6 (b). There have been further experiments
with intermediate geometries as well, which revealed that the smallest GMR ratio is obtained
for CIP geometry, whereas CPP-GMR gives the maximum magnetoresistance ratio.
In principle, following the argumentation of A. Barthélémy et al.166, the mechanism of the GMR
effect (see Fig. 5.4) is valid for both geometries. But, because of the different distribution of
the electron wave vectors given by the electric field E for CIP and CPP, the average net current
flow direction differs with respect to the plane of the layers: it is parallel to the film plane for
CIP and perpendicular in case of CPP. Hence, CIP-GMR and CPP-GMR can result in different
resistance ratios and finally it turned out that the characteristic length scales, which one has to
Figure 5.5: Scheme of diﬀerent measurement geometries: CPP- and CIP-GMR172.
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a)                                        c)
b)
Figure 5.6: (a) scheme of deposition technique on a grooved substrate and (b) the completed sample
with an indicated current path for CPP-GMR measurements. (c) Results of GMR ratio in dependence
of temperature for both geometries of the Co/Cu multilayer176.
take into account by using the simple two current model, are different as well. This is the most
important difference between the two measurement geometries. For the current in-plane config-
uration the scaling length is the mean free path λ, which is about some 10 nm for non-magnetic
materials and mostly just a few nanometers for FM. For larger thicknesses of the FM (tF ) and
NM (tN ) the MR ratio is expected to decrease with 1/tF and exp(−tN/λN), respectively166.
On the other hand, the scaling length in the CPP geometry is the spin diffusion length (SDL)
lsd, the average distance for which the spins of moving electrons keep their orientation. In non-
magnetic materials like Cu, values in the range of lsd ≈ 250 nm have been reported at room
temperature177, which is around seven times the mean free path (λCu(295K) ≈ 36 nm178,179).
The limiting factor for the spin diffusion length is the strength of spin-orbit or spin-spin scat-
tering, which causes spin flips, as was shown by Yang et al.180 who have shortened the SDL of
Ag and Cu to the nanometer range by alloying them with Mn and Pt, respectively. Overall, the
results for CPP-GMR films clearly indicate that especially the non-magnetic spacer layer can
become much thicker until shunting effects occur. Furthermore, for that geometry the handling
of the previously introduced intrinsic potential (cf. Fig. 5.3) can be simplified by the definition
of a spin-dependent interface resistance: since the current in a FM is spin polarized, there will
be spin accumulation around the interface with the NM, which leads to an extra potential drop
∆U proportional to the current density169. This potential makes theoretical approaches easier
and, in consequence, bulk and interface scattering parameters can be directly determined181.
Theoretical Models: This paragraph is not intended to give a detailed insight into all the-
oretical approaches, which have been developed so far. Instead, a brief overview will be given
where the focus is on the particular fields of application and the associated limits. The first
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model of the GMR effect (CIP-GMR to be exact) was the one of Camley et al.162. They used
the Boltzmann transport formalism for the semi-classical approach in the picture of free elec-
trons, which undergo a spin dependent as well as spin independent scattering, the latter in the
non-magnetic layers only. The most important result was the approval of the mean free path
as the limiting scaling length for current in-plane measurements. Further developments of this
model have been given, e.g., by Johnson et al.182 and Duvail et al.183. Duvail et al. considered
magnons and other thermally driven scattering events, which allowed simulations of the tem-
perature dependence of the magnetoresistance for the first time. In all these models mentioned
above the intrinsic potential is neglected, which is also true for the first quantum mechanical ex-
pressions of the transport coefficients derived from linear response theory (Kubo formalism)166.
A summary of existing theories at that time in combination with the validation of different ap-
proaches was given by Zhang et al.184. In case of multilayers, it turned out that all investigated
models work rather well in the thin and thick layer limits, but cause quite large errors for in-
termediate thicknesses as also does the semi-classical approach. Further development of these
theories (Kubo and Boltzmann), including the influence of the intrinsic superlattice potential,
revealed the importance of the barrier height ∆U for a correct explanation of GMR in multi-
layered structures for both geometries185. However, quantitative interpretations stayed difficult
due to the large number of free or unknown parameters166. An interesting finding of Zhang et
al. is the equality of CIP and CPP-GMR for ∆U = 0 (cf. Fig. 5.7), whereas for ∆U 6= 0 the
magnetoresistance difference (MRCPP −MRCIP ) becomes larger with increasing ∆U . So to
say, in current in-plane geometry the electrons are forced to move within each layer accompa-
nied by shunting currents because of scattering at the potential walls and, on the contrary, in
the case of the current perpendicular-to-the-plane geometry the barrier height simply gives a
contribution to the interface resistance. As already mentioned, this is an advantage for the the-
oretical treatment of CPP-GMR that one can simply express the intrinsic superlattice potential
as an interface resistance, at least as long as the mean free path is not larger than the multi-
Figure 5.7: CIP- and CPP-GMR
ratio as function of barrier height
∆U for particular constant p = j/v,
the ratio of spin-dependent to spin-
independent scattering185.
55
5.3 Spin-Valves
layer period166. On the other hand, for realistic predictions of the CPP-GMR, Valet et. al169
emphasized the importance of contributions of the volume to the spin dependent scattering, like
spin flips and spin relaxation. Unfortunately, these quantities are difficult to implement into the
models.
In addition, ab initio calculations have to be emphasized because only these can give a realistic
description of the GMR effect for very thin layers with a small concentration of defects166. The
key role for that kind of model is the determination of the band structure, which can be done,
for instance, by first-principle calculations, which mostly have to be kept as simple as possible
for reasons of computing power. Furthermore, ab initio models usually just use global relax-
ation times for all electron spins of the different layers and thereby neglect any influence of bulk
spin scattering if the layer thickness is larger than the corresponding scaling length. Thus these
models are commonly limited to almost perfect and also very thin layer systems and generally
overestimate the GMR ratio. Actually, this is more or less valid for all mentioned theoretical
models but at least some important trends can be derived166.
5.3 Spin-Valves
While an antiparallel alignment of magnetic moments is a prerequisite for GMR, an AF inter-
layer coupling, as was present in the first samples where the GMR effect was found, is not nec-
essary. Furthermore, indicated by a variety of publications, the as deposited demagnetized state
often has even higher magnetoresistance than the antiparallel state after field cycling175,180,186.
Several groups181,187–189 focused on the magnetoresistance ratio in dependence of the magnetic
structure mainly in CPP-GMR multilayers and made extended calculations based on the two-
current model. Barring the possibility of a separate determination of the bulk (β) and interface
(γ) spin asymmetry coefficients for CPP-GMR, it turned out that every magnetic configuration
with zero net magnetization within a volume of the corresponding scaling length (l3sd and λ
3,
respectively) leads to maximum magnetoresistance. The bulk and interface parameters can be
derived by the slopes and intercepts of such dependences, as shown in Fig. 5.8, and the fact
that the experimental points of the uncoupled region (large spacer thicknesses) lie on the same
straight line as the antiferromagnetic coupled ones, confirmed the latter assumption.
With the utilization of the already known exchange bias (EB) effect23, a new architecture for
spintronic devices was developed by IBM 191, who called these systems SPIN-VALVES (SV).
SV consist of two FM separated by a NM, where one of these ferromagnetic layers (Ni and
Ni-Fe alloys in this first work of Dieny et. al191) acts as a free layer due to the free rotatable
magnetization, while the magnetization of the other is pinned by exchange anisotropy through
the contact with an antiferromagnet, in this case Fe50Mn50, the so called pinned or reference
layer. The exchange anisotropy is a unidirectional anisotropy, which produces a shift of the
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Figure 5.8: Product of sample
area and total resistance (ART )
for samples with constant to-
tal thickness in dependence of
Cu thickness tCu and number
of bilayers N , respectively. The
straight line is the interconnec-
tion of ART (tCu = 0.9nm)
and the intercept ART (0) car-
ried out from theoretical mod-
els181.
hysteresis loop by a certain field strength HEB of a FM being in direct contact to the antifer-
romagnet. It is due to uncompensated spins of the AF at the interface to the FM (see Fig. 5.9)
due to exchange coupling of both consecutive layers24 and occurs only at temperatures below
the antiferromagnet’s Néel temperature. The magnetic reversal of such a spin-valve is shown
in Fig. 5.10 (a): the sharp switching event at around zero field is due to the free layer reversal
and the second change of magnetization at H ≈ 90 Oe comes from the exchange biased pinned
layer. The corresponding magnetoresistance measurement is shown in Fig. 5.10 (b) where the
electrical resistance is low in the field range of magnetic saturation, whereas the high resistance
state with a GMR ratio of around 2% occurs for an antiparallel magnetized free and pinned
layer. In comparison to the rather high saturation fields of antiparallelly coupled multilayers,
the tunable field range for these spin-valve structures is an important advantage. In addition, the
field sensitivity, which is defined by:
SF = (1/R)
dR
dH
, (5.9)
could be drastically enhanced. Highest GMR values for such dual or even trilayer structures
hardly exceed 20%192–195 but nevertheless, a high field sensitivity in the range of 40%/mT194
paves the way for many applications.
Figure 5.9: Scheme of the interface FM(blue)/AF(red and grey) causing the EB eﬀect, which can be
fully suppressed in case of suitable circumstances, using the example of roughness190.
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Figure 5.10: (a) Hysteresis loop
and (b) CIP magnetoresistance for
Si/ NiFe(15)/ Cu(2.6)/ NiFe(15)/
FeMn(10)/ Ag(2). The current
was applied perpendicular to EB
direction191.
Most GMR sensors are based on ferromagnetic films with in-plane magnetic anisotropy but
some work was done on perpendicular systems, too. There are many publications about the
domain configuration and coupling mechanism given by the interlayer exchange interactions
and the magnetostatic interactions through the non-magnetic spacer layer (mainly Ru, Ir or
NiO)41,196–198. It has to be noted that a pinned ferromagnetic reference layer is missing in most
studies, so that the antiparallel alignment of either magnetization is not ensured by the EB effect,
but simply by distinctly different coercivities of both ferromagnetic layers. Such layer stacks
are not referred to as SV but rather called PSEUDO-SPIN-VALVES (PSV). The realization of
different coercivities is rather simple for perpendicular magnetic anisotropy (PMA) films (cf.
chapter 4), however, the main reason for using PSV structures is the low achievable HEB for
magnetic films with out-of-plane easy axis, which barely exceeds Hc 199–202. Liu et al.202 have
achieved almost HEB = 1 kOe (in this case around three times the coercivity) by utilizing the
commonly used antiferromagnet IrMn3 with [Co/Pt] multilayers and an additional very thin
CoFe interface layer. Moreover, Romer et al.203 and Schubert et al.204 have recently published
an exchange bias field of up to 10 kOe in their Fe-Tb/[Co/Pt] heterostructures, although at rather
low temperatures. However, maybe such optimized ferrimagnetic rare earth based alloys in
combination with appropriate interface layers will be able to solve this issue of desirable large
(HEB −Hc) values at ambient temperatures in the future.
Coming back to perpendicular magnetoresistive systems. Much work was done on [Co/Pt]
and [Co(Fe)/Pd]205–209 as well as [Co/Ni] multilayers209,210. Especially the latter may be ad-
vantageous due to a suitable PMA with Keff = 1.0 · 106 erg/cm3 211 and comparable high spin
polarization, where values of up to 80% at room temperature were reported212. Even a higher
spin polarization (theoretically 100%) is expected for Heusler alloys213, but large PMA is still
missing212. From the magnetic anisotropy point of view, [Co/Pt] as well as [Co/Pd] multilay-
ers and even more the L10-chemically ordered FePt alloy would be preferable. However, FePt
based pseudo-spin-valves have failed to surpass even a 1% room temperature GMR ratio214–217.
58
5 INTRODUCTION TO SPINTRONICS
Due to the small effect, the GMR is superimposed by the linear MR (forced effect) and further-
more, by a rather high MR caused by electron scattering at domain walls during the magnetic
reversal218. The highest perpendicular GMR ratios so far have been reported for [Co/Pd] multi-
layer based systems: 15% GMR for pseudo-spin-valves207 and 10% GMR for SV using FeMn
as the AF205.
5.4 Noise in Magnetic Sensors
In 2010, Stuart S. P. Parkin, who can be called one of the inventors of spin-valves, said: ”The
GMR era is already passé”219. According to current scientific knowledge a kind of hasty con-
clusion. The advantage of GMR in comparison to TMR devices is their intrinsically smaller
electrical resistance, which becomes significant at very small dimensions as, for instance, in
read-heads of a HDD. Despite the fact of a drastically lower signal level in GMR devices,
the lower Johnson noise (explained below) of CPP-GMR can result in substantial improvement
of the signal-to-noise ratio (SNR)220–222. On the other hand, the drawback of CPP-GMR is
the higher current density needed for a reasonable output voltage, which might lead to current
induced magnetization reversal, the so called spin-transfer torque (STT) effect223. Whereas
adequate design options help to reduce this effect for the free layer (see Carey et al.224 and
references therein), the diminishment of the STT for the reference layer remains difficult222.
As depicted by J. M. D. Coey2, the noise of magnetic sensor devices can be due to elec-
tric or magnetic reasons. The latter mainly comes from fluctuations of the magnetic moment
or the presence of domain walls. In homogeneous ferromagnetic films with strong uniaxial
anisotropy, low demagnetization fields and a coherent reversal of the free layer magnetization,
the magnetic noise contribution can become negligible. Hence, the electrical part should be
carefully investigated.
One of these contributions is the thermal or Johnson noise. The power spectral density at a
constant measurement frequency f follows
SJ(f) = 4kBT ·R (5.10)
and the averaged voltage fluctuation V¯ of an electrical measurement in the frequency range ∆f
across a resistor (without current flow) results in
V¯ 2 = 4kBT∆f ·R. (5.11)
Furthermore, it is frequency independent and the SNR just increases with
√
R, which is the
main reason for worse SNR of high resistive TMR sensors in comparison to full metal CPP-
GMR devices.
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Another kind of frequency independent white noise is the shot noise. It is a nonequilibrium
phenomenon and related to the discrete nature of electrons. Hence, this noise (SNR ∝ √I)
with the power spectrum
SS(f) = 2e · I (5.12)
can become the ultimately limiting one for high frequency sensors with low R (Johnson noise).
As shown in Fig. 5.11 there are two further frequency dependent sources of noise: the 1/f noise
as well as the random telegraph noise. At low frequencies the 1/f noise, or pink noise, domi-
nates. The power spectral density varies as
SP (f) ∝ 1/fα (5.13)
with α ≈ 1. It is related to fluctuations in resistance, which result in a varying current or voltage
due to Ohm’s law. Furthermore, the presence of domain walls might lead to an additional mag-
netic contribution to the pink noise. However, although its origin is not clear yet, the 1/f noise
can be easily suppressed by modulating the sensor in the high frequency regime where white
noise is dominating. That is also true for the random telegraph noise, which might contribute
to magnetic sensors as well. Apart from the frequency dependence, the random telegraph noise
only occurs in a certain temperature window, which provides another possibility to improve the
SNR.
log S
V
1/f noise
Random telegraph noise
Johnson noise
Shot noise
log f
-6
-7
0 1 2
Figure 5.11: Frequency
dependence of the power
spectral density of various
contributions of electrical
noise in a magnetic sen-
sor2.
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6 Pseudo-Spin-Valves With Perpendicular Sensitivity
Due to the high perpendicular magnetic anisotropy of the L10-chemically ordered FePt alloy
(see table 3.1) and based on preliminary investigations on [Co/Pt] multilayers for the purpose
of magnetic memory applications (cf. chapter 4), these hard magnetic materials are utilized
for spintronics and will be regarded in the following. Additionally, the last of the subsequent
subchapters will focus on [Co/Pd] multilayer based pseudo-spin-valve (PSV) systems, which
are more appropriate for an application as magnetoresistive sensors because the longer spin
diffusion length of Pd in comparison to Pt results in higher GMR ratios225.
6.1 FePt Based PSV Thin Films
Fe52Pt48 (just FePt in the following) single layers in L10-chemically ordered phase with (001)
texture, exhibiting perpendicular magnetic anisotropy (PMA), have been prepared via mag-
netron sputter deposition at elevated temperatures on MgO(001) single crystalline substrates.
The nominal layer thickness is 100 Å and the sputtering power as well as the Ar pressure is
kept constant at P = 20 W and pAr = 10µbar, respectively. With increasing substrate temper-
ature during deposition the degree of chemical ordering gets improved due to enhanced crystal
growth accompanied by an increase of film roughness. Both finally result in larger coercivi-
ties. Structural and magnetic properties of three 100 Å thick FePt films deposited at different
temperatures are shown in Fig. 6.1. It is obvious that a deposition temperature of 450 ◦C is not
sufficient to induce the chemically ordered phase, indicated by the absence of the FePt(001)
superlattice peak in the X-ray diffraction (XRD) (θ−2θ) scan (see appendix B.5), which finally
leads to an in-plane easy axis (see Fig. 6.1 (b)). Moreover, due to randomly occupied lattice
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Figure 6.1: (a) XRD (θ − 2θ) scans and (b) polar-MOKE hysteresis loops of nominally 100Å thick
Fe52Pt48 ﬁlms deposited at various temperatures on MgO(001) substrates. The not indicated peaks in
the XRD pattern are related to the substrate and to other wavelengths contributing to the X-ray beam
(mainly Wolfram pollution due to the ﬁlament).
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sites by Fe and Pt atoms (the so-called disordered A1 phase of FePt), the crystal structure is
fcc. Conversely, once L10-chemically ordering occurs, the crystal unit cell becomes tetragonal
distorted with c/a < 1 (face centered tetragonal (fct)). Due to this, the fcc(002) fundamental
peak splits into the (200) and (002) peaks (the fcc(002) peak of the A1 phase lies in between, cf.
Fig. 6.1 (a) for the lowest deposition temperature). For FePt deposited on MgO(001) substrates
the (002) crystal orientation is preferred due to the epitaxial growth75,86,87,226.
With the intention of preparing a PSV system with perpendicular magnetic anisotropy, two
100 Å thick FePt layers deposited at 600 ◦C (hard layer at the bottom) and 540 ◦C (soft layer)
have been prepared on MgO(001) substrates. As spacer material Ag, Cu, Ge, and Ru was
used, which was deposited at 540 ◦C, the substrate temperature during soft layer preparation.
SQUID M(H) hysteresis loops of these PSV thin films, which are illustrated in Fig. 6.2, reveal
a rather one-step reversal of all samples except the one with a Ru spacer layer. Whereas the
saturation field Hs, given by the magnetic anisotropy of the hard FePt layer, is almost the same
for all samples, the switching field distribution (SFD) is quite different: it is smallest for the
system with Cu spacer, intermediate and almost equal in case of Ag and Ge and maximal for
Ru as spacer material. The latter seems to sufficiently magnetically decouple both FePt layers,
although the soft top layer does not show PMA: the magnetic reversal already starts at positive
applied field following a hard axis behavior until at around H = −3 kOe a sharp switching
event occurs, which is attributed to the hard layer reversal, see Fig. 6.1 for comparison. All
the other samples have a remanence of one (Mr/Ms = 1) and reveal PMA. Indicated by the
reduced magnetization of the Cu containing sample, the elevated deposition temperature leads
to a diffusion of Cu into at least the top FePt layer deteriorating its magnetic properties but
without affecting the nucleation field HN, which is comparable to the single hard layer. On
the other hand, both samples (with Ag and Ge spacer) have a reduced nucleation field being
in between the values for the soft and hard FePt reference layer. To clarify the origin of these
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Figure 6.2: Room tem-
perature M(H) hysteresis
loops of FePt based tri-
layer thin ﬁlms: MgO(001)
/FePthard(100Å)/ X(25Å)/
FePtsoft(100Å). The mag-
netic ﬁeld is applied perpen-
dicular to the sample surface.
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differences in more detail, structural analysis (XRD and XRR) of these samples was done at
the Science et Ingénierie des Matériaux et Procédés (SIMaP)/Centre National de la Recherche
Scientifique (CNRS) in Grenoble (France) presented in the following subchapter.
6.1.1 Structural Analysis of FePt/Spacer/FePt Trilayer Systems
The XRD setup at the SIMaP/CNRS being equipped with a rotating anode X-ray tube (Cu-
Kα, λ = 1.54 Å) allows scans with a high signal-to-noise ratio (SNR). Hence, it was possible
to precisely investigate the structural properties of the layers, performing (θ − 2θ) scans and
measure rocking curves. First of all, it has to be mentioned that no crystallites with (111)
orientation could be detected for any sample, and that the prepared FePt is not just (001) textured
but even grows epitaxially on the MgO(001) substrates during the sputter deposition process.
This was confirmed by the presence of the (111) peak of (001)-FePt crystallites, i.e. sample
and detector are aligned for measuring the (111) peak at around 2θ = 41◦ while the sample
is tilted by χ ≈ 53.7◦ (χ = tan−1(√2a2/c)) and the intensity in dependence of the rotating
angle ϕ is detected. The result of the measurement is shown in Fig. 6.3, revealing a fourfold
symmetry, meaning that the FePt shows epitaxial growth with bijective (vertical and horizontal)
crystallite alignment with respect to the MgO substrate. The corresponding values of ϕmax have
not been compared to analogous scans of the MgO(001) substrate but an orientation relation
〈100〉L10 FePt ‖ 〈100〉MgO is expected227, despite the large lattice mismatch of around 9%227.
By evaluating the peak position (2θ), the lattice parameter a of (001)-FePt crystallites could be
determined, whereas c was deduced from both, fundamental and superstructure (00l)-peaks.
Furthermore, by a quantitative analysis of the diffraction peaks other parameters like lateral
and perpendicular coherence length (L‖ and L⊥), the crystal mosaicity η, the mean-square static
displacement µ, and finally the long range order parameter S have been evaluated. Whereas the
first mentioned structural properties follow simple equations, the precise calculation of S needs
several correction terms, namely absorption (A), background, Debye-Waller (W ) and Lorentz
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Figure 6.3: Intensity
in dependence of ϕ for
the FePt ﬁlm deposited
at 600 ◦C. The detector
was placed at 2θ = 41◦
in (θ − 2θ) geometry and
the sample was tilted by
χ = 53.7◦ to measure
the (111) peak of (001)-
oriented FePt grains.
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factor (L) as well as polarization (P ). The perpendicular coherence length L⊥ can be directly
determined by the particular (002) peak position θ of the symmetric (θ − 2θ) scan and the
corresponding full width at half maximum (Γsym) via the so called Scherrer equation:
L⊥ =
Kλ
Γsym cos θ
· 180
◦
pi
, (6.1)
with K = 1 for noncubic lattices. For the calculation of the mosaicity, it is convenient to use
the dependence
q · Γrc · pi
180◦
∝ q + const, (6.2)
where Γrc is the full width at half maximum of the rocking curve and the reciprocal lattice
vector q is given by
q =
2pi
d
=
4pi sin θ
λ
, (6.3)
using the Bragg equation
nλ = 2d sin θ. (6.4)
Here, n is a nonnegative integer denoting the diffraction order and d is the distance of the
atomic planes given by the investigated material and its orientation. The proportionality factor
of equation 6.2, the slope m, determines the mosaicity228
η = m · 180
◦
pi
(6.5)
and the intercept with the ordinate y0, the lateral coherence length L‖
L‖ =
2pi
y0
. (6.6)
The long range order parameter S, which was firstly introduced by J. M. Cowley229 and further
developed by H. Berg and J. B. Cohen230, is used to describe the quality of chemical ordering in
binary alloys. Here, the L10 ordering in Fe52Pt48 can have a maximum value of Smax = 0.96231.
Similar to the work of M. Maret et al.232, the ordering parameter was calculated by
S =
√√√√√Iint,s · (Ff )2 · AfPfLf · exp
(
−Wf sin
2 θf
λ2
)
Iint,f · (Fs)2 · AsPsLs · exp
(
−Ws sin2 θsλ2
) , (6.7)
where the indices f, s indicate the fundamental and superstructure peak, respectively. The addi-
tional factor in comparison to the formula shown in the work of Maret et al. is due to the usage
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of an incident X-ray beam, which is not polarized. Thus the polarization correction factor233
P = 0.5 + 0.5 cos2(2θ) (6.8)
has to be added. Furthermore, because of the epitaxial growth of the investigated FePt layers,
the Lorentz factor for single crystals
L =
1
sin θ
(6.9)
was used and the integrated intensity Iint was calculated by
Iint = Imax · Γrc · Γsym. (6.10)
All peaks have been fitted by gaussians for reasons of background correction, which is suffi-
cient if there are no (200)-FePt variants contributing to the diffraction peak. However, for the
presence of such misaligned crystallites, the correction is very difficult and finally still vague.
Fig. 6.4 (b) illustrates the lattice parameter c of all samples determined by the different diffrac-
tion peaks (00l) with l ≤ 4. Due to the larger difference of the lattice constant c for the fun-
damental and superstructure peaks for the FePt single layer deposited at 540 ◦C and the sample
with a Ru spacer, it has to be concluded that in-plane FePt variants might be present in these
cases. Moreover, the sample with Cu spacer layer even shows an additional and well separated
(200)-FePt peak, with I(200)/I(002) = 0.31 (cf. Fig. 6.4 (a)). All other investigated films do
not reveal other orientations. Finally, the absorption correction is given by
A =
1
sin(2θ)
(6.11)
2 0 3 0 4 0 5 0 6 01 0
1 0 0
1 0 0 0
1 0 0 0 0
1 2 3 43 . 6 8
3 . 7 0
3 . 7 2
3 . 7 4        
Inte
nsit
y [c
ps]
  θ      
    "     !
  $  "     !
    "     !
  $  "     !
   #         #     
   #     
    #  
 	  & 
    #     & 
    "     !
  $  "     !
    "     !
  $  "     !
Lat
tice
 Pa
ram
ete
r c
     !      %  l
c   
Figure 6.4: (a) XRD (θ − 2θ) scans of all trilayer systems and (b) lattice parameter c of the whole
set of samples calculated for all four diﬀraction peaks (00l). For comparison, the literature value for
L10 chemically ordered bulk FePt is given in the ﬁgure234. Furthermore, aL10−FePt = 3.852Å
234 and
cA1−FePt = 3.841Å235.
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and the structure factor F , which considers the material and photon energy dependent scattering
for binary alloys is calculated as follows:76,236
|Ff |2 = 16
( 2∑
i=1
xi
[
f 0i (00l) + f
′
i
])2
+
(
2∑
i=1
xif
′′
i
)2 (6.12)
|Fs|2 = 4
{[
f 0Fe(00l) + f
′
Fe − f 0Pt(00l)− f ′Pt
]2
+ (f ′′Fe − f ′′Pt)2
}
. (6.13)
xi is the atomic fraction of element i, f ′i as well as f
′′
i are the photon energy dependent real and
imaginary part of the anomalous scattering factor and f 0i (00l) are the normal coherent scattering
factors, which depend on q:237
f(sin θ/λ) =
4∑
i=1
ai exp(−bi sin2 θ/λ2) + c. (6.14)
The coefficients ai, bi and c as close fits to the atomic scattering curves over the range 0 <
sin θ/λ < 2 Å−1 can be found in the International Tables for Crystallography237.
Finally, for the determination of the Debye-Waller factor238, the formalism based on the work
of Berg and Cohen was applied:
ln
(
Iint,s(f)
As(f)Ps(f)Ls(f) · F 2s(f)
)
= −Ws(f)
sin2 θs(f)
λ2
+ const. (6.15)
Thus W can be determined by the linear slope of the logarithm in dependence of (sin2 θ/λ2).
Furthermore, the Debye-Waller factors (for the fundamental and superstructure peaks) also in-
clude contributions of the mean-square static displacements µ of atoms from their actual lattice
sites, which can be expressed by230
µ =
√
W
4pi
. (6.16)
All these parameters of the whole sample series are summarized in Tab. 6.1. Taking into
account the error bars, the lattice parameter c is the same for all samples, which is also the
case for a. But whereas the variance of a is really small, the calculated c values by using
the (002) peak position vary by almost 0.04 Å, which is mainly caused by FePt-(200) in-plane
variants contributing to this peak. Furthermore, the particular coherence lengths as a measure
for the average crystallite sizes (height and width) are in the range of the film thickness in
case of L⊥ for the FePt single layers. The film thicknesses t have been determined by XRR to
t540 ◦C = (84±2) Å and t600 ◦C = (88±2) Å. On the other hand, although the error bars are quite
large, the lateral coherence length L‖ (crystal width) for both films is doubled at higher substrate
temperatures, most probable due to the enhanced crystal growth with increasing temperature.
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Table 6.1: Structural parameters determined by XRD of 100Å thick FePt single layers and FePt based
trilayer systems with diﬀerent spacer material, which is given in the ﬁrst row. The given lattice parameters
(a, c) are those of (001)-L10 FePt, L⊥ and L‖ are the perpendicular and lateral coherence lengths, η the
mosaicity, µ the mean-square static displacement and S the long range order parameter.
sample c [Å] a [Å] L⊥ [nm] L‖ [nm] η [deg] µ [Å] S
FePt, 540 ◦C 3.73± 0.04 3.887± 0.012 6.3± 1.6 12± 7 1.9± 0.8 0.21± 0.04 0.48± 0.10
FePt, 600 ◦C 3.704± 0.012 3.886± 0.012 7.5± 1.9 25± 13 1.8± 0.8 0.18± 0.04 0.90± 0.05
FePt/Ag/FePt 3.702± 0.012 3.888± 0.012 11.4± 2.9 41± 21 1.4± 0.6 0.17± 0.04 0.88± 0.09
FePt/Cu/FePt 3.699± 0.012 3.886± 0.012 9.1± 2.3 47± 24 1.7± 0.7 0.24± 0.04 0.73± 0.08
FePt/Ge/FePt 3.696± 0.020 3.882± 0.012 8.0± 2.1 60± 40 1.6± 0.7 0.18± 0.04 0.97± 0.20
FePt/Ru/FePt 3.72± 0.03 3.871± 0.012 7.0± 1.8 28± 15 1.6± 0.7 0.17± 0.04 0.69± 0.25
In comparison to the hard layer, it is apparent that L‖ of the trilayer structures show a distinct
increase for the samples having a Ag, Cu and Ge spacer layer but is rather the same in case of
Ru. It is assumed that the high mobility of especially Ag and Cu (see chapter 2.5.2) causes the
observed enhanced crystal growth accompanied by an alloying with the FePt layers in case of
Cu, leading to a reduction of the magnetization (cf. Fig. 6.2), or to surface segregation in case
of Ag239. This could be confirmed by XRR measurements: the determined Cu spacer thickness
is just 9 Å (25 Å nominal) and the interface roughness is twice the value compared to the other
samples, whereas for the sample with the Ag spacer, which also reveal the largest crystal height
(L⊥), the measurement data could be simulated only by assuming a Ag top layer (as found
also by S. K.Chen et al.239) accompanied by a reduced roughness of the soft FePt layer. On
the contrary, Ru seems to form a separation layer in between both FePt layers without any
considerable diffusion or alloying, which also lead to L⊥ = 7 nm being comparable to the single
hard FePt film, whereas all other trilayer samples have slightly larger perpendicular coherence
lengths enabled by a (partly) dissolved spacer layer. Thus direct exchange decoupling of the
soft and hard FePt film even at such elevated deposition temperatures can be enabled using Ru
as spacer layer material but Ru obviously prevents an epitaxial FePt growth, inducing an in-
plane anisotropy of the top soft FePt layer (cf. Fig. 6.2 and 6.4 (a)). This is most probable due
to the comparable small hexagonal Ru-lattice with a = 2.7 Å, which does not support a (001)
texture of FePt. Finally, the mosaicity and mean-square static displacement are comparable to
sputtered L10 FePt thin films84,240 and do not vary much, again with the exceptional case for
Ag, leading to the lowest value of mosaicity likely because of the surface segregation inducing
a kind of surfactant mediated growth. The long range order parameter S of the single FePt
layer can be improved by almost a factor of two for increasing deposition temperature (600 ◦C
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in comparison to 540 ◦C). For the sake of completeness, the calculated order parameters of the
trilayer structures are given in Tab. 6.1 as well, but they have to be treated with care because
of the top FePt layer, which contains at least partly in-plane variants (especially with a Ru
spacer) contributing to the measured (002) FePt peaks by just shifting the center of gravity to
smaller angles (cf. Fig. 6.4) instead of forming a separate (200) peak. In case of Ru, where it
is assumed that the spacer physically separate both ferromagnetic layers, the long range order
parameter of the bottom FePt film should be comparable to the hard single layer, whereas the
top layer has worse chemically order (as the single soft FePt layer) and texture. On the other
hand, for the Ag spacer, the layer stack resembles a kind of bilayer structure with a Ag capping
layer and good L10-chemically ordering of the FePt as well as good (001) texture through the
entire ferromagnetic material, which might be similar for Ge as spacer material with a probable
segregation at the grain boundaries since no hint for any surface segregation was observed. In
case of the Cu spacer layer, the high mobility of the Cu atoms leads to the formation of a ternary
alloy most likely with a Cu gradient and hence, no exchange decoupling of both FePt layers is
expected241. In this context, again it has to be emphasized that this sample has a considerable
amount of (200) oriented FePt crystallites.
In conclusion, it has to be noted that for the studied sample series only with Ru as spacer
layer material a pseudo-spin-valve can be prepared. All other used materials are not suitable
to exchange decouple both ferromagnetic layers mostly due to the high deposition tempera-
ture, which causes high mobility of the atoms involved and eventually diffusion or segregation.
Hence, in the next chapter, the investigation of the magnetoresistive properties, the focus is on
FePt based PSV thin films where Ru as spacer layer is used. Apart from direct exchange, Ru
is known to induce additional indirect exchange mechanisms (see chapter 4), which will be
especially considered in the following.
6.1.2 Magnetoresistance of FePt/ Ru/ FePt Trilayer Systems
In Fig. 6.5 the M(H) hysteresis loop of the sample with Ru spacer (cf. Fig. 6.2) in combina-
tion with a room temperature magnetoresistance measurement is plotted, to analyze how the
magnetic configuration of the sample is correlated to the electrical resistance. Starting from
magnetic saturation at high positive perpendicular fields, both ferromagnetic layers are magne-
tized parallel to each other and along the external field direction. The electrical resistance is low.
By decreasing the applied field strength to zero, the soft FePt layer with in-plane anisotropy pro-
gressively turns its magnetization in the film plane, accompanied by a quite linear increase of
magnetoresistance (MR) because the hard FePt layer stays magnetized out of the film plane. The
linear increase of resistance continues for increasing negative magnetic fields until at around
H = −3 kOe the magnetization of the hard FePt layer reverses in a narrow field range, leading
to a sharp drop of the magnetoresistance because of the again more parallel aligned magnetic
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recorded at room temperature. The
CIP-GMR was performed within an ex-
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moments of both ferromagnets along the direction of the external field. A maximum resistance
change of GMR ≈ 0.3% is obtained for this FePt/Ru/FePt trilayer, where the electrical resis-
tance for positive and negative magnetic saturation is different. This might be attributed to a
weak anisotropic magnetoresistance (AMR) effect (resistance dependence of the angle between
magnetization and current flow direction) due to a slightly misaligned sample with respect to the
magnetic field. A minor loop study is shown in Fig. 6.6 to further investigate the magnetization
reversal process. The coercivity of the hard layer is about Hhardc = 3.2 kOe with a nucleation
field of Hhardn = 3.0 kOe, which allows almost antiparallelly oriented perpendicular magnetic
moments of the soft and hard layer just below 3.0 kOe because the saturation field of the soft
layer is around Hsofts ≈ 3.7 kOe (see Fig. 6.6, soft layer reversal highlighted in red). Hence, no
improvement of the GMR ratio is expected due to an optimized particular spin configuration
(fully antiparallel magnetization vectors of both ferromagnetic layers) by means of increasing
the coercivity of the hard FePt layer or inducing PMA in the soft layer.
However, although the Ru thickness is already well below its mean free path, reducing it as
well as the thickness of both FePt layers might help to improve the GMR ratio by the accom-
panied reduction of shunting currents. Therefore, another set of samples was prepared with the
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69
6.1 FePt Based PSV Thin Films
following layer stack: MgO(001)/ FePt(50 Å)/ Ru(x)/ FePt(50 Å), where the Ru spacer thick-
ness x was reduced to 20 Å, 15 Å, and 10 Å. Moreover, the deposition temperature of the hard
layer has been slightly increased to TDep = 630 ◦C. Again the bottom FePt layer reveals PMA,
whereas the top one has an in-plane easy axis independent of the Ru thickness. Both reversals
can be clearly distinguished for all Ru layer thicknesses in out-of-plane as well as in-plane hys-
teresis loops as shown in Fig. 6.7. In addition to the varied deposition temperatures the RKKY
interaction across the Ru spacer, which oscillates between ferromagnetic and antiferromagnetic
coupling in the present thickness range, might play an important role for the observed differ-
ences of the hard layer reversal in comparison to the sample series shown before. The coupling
strength is positive for x = 10 Å and x = 20 Å, whereas there is antiferromagnetic coupling
or almost no coupling for x = 15 Å140,242. All together might eventually explain the lowest
coercivity Hc in case of an out-of-plane applied magnetic field (Fig. 6.7 (a)) and also the lowest
saturation field Hs for the in-plane measurement (Fig. 6.7 (b)) of the sample with x = 15 Å.
However, the SFD of the hard layer reversal for out-of-plane applied magnetic fields mono-
tonically decreases with spacer layer thickness x (not shown). Although strong indications for
a present exchange coupling across the Ru spacer layer were observed, the overall coupling
strength is too small to induce a coherent reversal mechanism of both FePt layers. Conversely,
the reversal mechanism of all samples is comparable with a hard FePt layer revealing PMA and
a soft FePt layer with in-plane magnetic anisotropy, giving rise to a GMR effect.
From now on the magnetoresistance measurements (see appendix B.4) have been carried
out by four-point probe technique at room temperature using a self-built setup having a con-
stant current source with an applied current of I = 15 mA at maximum, a Keithley voltmeter
of high accuracy and a water cooled electromagnet allowing measurements with out-of-plane
(oop) as well as in-plane (ip) applied fields with a maximum field strength of H ipmax = 4.8 kOe
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Figure 6.7: Room temperature SQUID M(H) hysteresis loops for (a) out-of-plane and (b) in-plane
applied magnetic ﬁelds of samples with the following layer stack: MgO(001)/ FePt(50)/ Ru(x)/ FePt(50)
(thicknesses given in Å).
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and Hoopmax = 12.75 kOe, respectively. The B(I) behavior was determined via a calibrated Hall
sensor. Please note that the hysteresis of the pole shoe material will be present in the measure-
ments. Fig. 6.8 (a) shows the MR data of all three samples, where the magnetic field dependence
is comparable to the former sample (see Fig. 6.5). The main difference is the already mentioned
higher coercivity of the hard layer and the higher saturation field of the soft layer in compar-
ison to the thicker trilayer structure (compare Fig. 6.5 and Fig. 6.7), again leading to almost
antiparallel aligned magnetic moments of both ferromagnetic layers at the GMR maximum. In
Fig. 6.8 (b) the maximum GMR ratios of all three samples are summarized. Although the mean
free path λN of Ru, which is estimated to be around 100 Å243, is far not reached, the decay of
the GMR ratio with increasing Ru spacer layer thickness (x = tN ) follows an exponential trend
as is expected for non-magnetic layer thicknesses larger than λN (GMR ∝ exp(−tN/λN), cf.
chapter 5.2.2). However, these three samples are not sufficient to give a profound trend of the
thickness dependence.
Furthermore, as the investigated systems reveal crossed magnetic anisotropies, an additional
sample has been prepared. In this case Cu as spacer material was used since Cu is a well
known material for spintronic applications191. As soft layer, revealing an in-plane magnetic
anisotropy, a 16 Å thick Co layer was employed, which is also expected to give higher GMR
values in comparison to FePt because of a better spin polarization and also longer coherence
lengths. Both of these layers are deposited at room temperature. The magnetoresistance of
this sample is shown in Fig. 6.9 (b) and the GMR ratio is also added in Fig. 6.8 (b) for a better
comparison with the previously investigated samples. The GMR ratio is almost tripled (please
note that the maximum field of the MR measurement setup is not sufficient to fully saturate
the sample) while the magnetic switching behavior is similar to the previously studied stack as
shown in Fig. 6.9 (a).
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Figure 6.8: (a) Room temperature magnetoresistance measurements with an out-of-plane applied mag-
netic ﬁeld of MgO(001)/ FePt(50)/ Ru(x)/ FePt(50) and (b) the maximum GMR ratio summarized for
all three spacer thicknesses. In addition, the GMR ratio of a sample MgO(001)/ FePt(50)/ Cu(15)/
Co(16) is included. All thicknesses are given in Å.
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Figure 6.9: (a) SQUID M(H) hysteresis loop and (b) magnetoresistance of MgO(001)/ FePt(50)/
Cu(15)/ Co(16) (thicknesses given in Å) recorded at room temperature for out-of-plane applied magnetic
ﬁelds. Please note that the Cu/Co bilayer was deposited at room temperature.
In conclusion, it has been shown that the preparation of pseudo-spin-valves of FePt based
trilayer structures with Ru spacers is possible, where the GMR ratio increases with decreasing
Ru thickness x for the investigated thickness series consisting of x = 10 Å, x = 15 Å, and
x = 20 Å. The highest resistance change achieved in the present work is around 0.45 % for
x = 10 Å. For a selection of other materials as spacer layer with x = 25 Å, it was not possible
to prepare an exchange decoupled trilayer system mainly due to the high thermally driven inter-
diffusion of the spacer atoms. However, in case of Ag it was shown by P. Ho et. al215 that a
preparation of such an L10 FePt based PSV is possible via a careful heat treatment, although they
could prepare a chemically ordered FePt alloy with out-of-plane magnetic anisotropy already at
a deposition temperature of 300 ◦C, which was not possible with the sputtering process used for
the sample preparation in the present work. Finally, Fig. 6.8 (b) revealed, how improvements on
the performance of PSV thin films can be realized by a replacement of FePt with Co, which has
higher spin polarization. This approach is continued in the following subchapters.
6.2 [Co/Pt] Based PSV Thin Films
For using multilayer based ferromagnetic thin films with PMA the most relevant advantage is
that the deposition can be done at room temperature on a variety of substrates, although a mod-
erate thermal treatment can even lead to an enhancement of the PMA244. Nevertheless, room
temperature deposited [Co/Pt] and [Co/Pd] multilayers (the latter will be discussed in chapter
6.3) provide an easy model system for fundamental investigations of spintronic devices with
perpendicular sensitivity even on flexible substrates. In the following, two cases are discussed
with either crossed magnetic anisotropies, as was presented in the previous chapter for FePt
based PSV thin films, or the all perpendicular case where both ferromagnets reveal PMA.
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6.2.1 PSV Thin Films With PMA
This subchapter focuses on trilayer systems consisting of two [Co/Pt] multilayers with PMA
but different values of Keff(∝ Hc) separated by a Cu spacer layer. Please note that some of
the results have been already published245. All samples were deposited at room temperature on
thermally oxidized Si(100) substrates with 100 nm thick silica. In contrast to chapter 4, where
different coercivities of the [Co/Pt] multilayers have been achieved by different sputtering pres-
sures, here simply the single Co layer thickness has been varied under the assumption that the
roughness stays constant at constant sputtering pressure. Fig. 6.10 illustrates polar-MOKE hys-
teresis loops of two samples with the layer stack Si/SiO2/ Ta(15)/ Pt(30)/ [Co(x)/Pt(8)]4/ Pt(22)
with x = 4 Å and x = 6 Å, respectively. All given thicknesses are in Ångström. Additionally,
a reference sample with a 20 Å thick Cu layer as a seed layer was prepared, which is placed
in between Pt(30) and the multilayer structure. Whereas both [Co/Pt] multilayers have a rect-
angular hysteresis loop with Hsoftc = 0.12 kOe and H
hard
c = 0.30 kOe and a rather constant
magnetic anisotropy of Keff = (4.1 ± 0.7) Merg/cm3, the deposition on top of the Cu film
leads to a quite strong deterioration of the perpendicular magnetic anisotropy, where a value of
Keff = (0.9± 0.2) Merg/cm3 was determined. The coercivity is similar to the soft layer and the
film still reveals Mr/Ms = 1.
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Trilayer Structures With the Soft Layer at the Bottom - Cu Thickness Series and
Optimization of Current Spin Polarization
For the trilayer PSV thin films a Cu spacer of varying thickness tCu has been placed between the
[Co(4)/Pt(8)]4 layer at the bottom and the [Co(6)/Pt(8)]4 layer at top. Additionally, for reasons
of a better current spin polarization, both Co thicknesses next to the Cu spacer were increased
to 8 Å245. Polar-MOKE hysteresis loops of this sample series are presented in Fig. 6.11 (a).
The observed MOKE loops look more or less the same throughout the sample series, reveal-
ing almost zero remanent magnetization except for the sample with a Cu layer thickness of
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tCu = 10 Å. The different magnetization reversal behavior of the full PSV stacks in compari-
son to the single reference samples shown in Fig. 6.10 can be explained by additional energy
contributions given by the magnetostatic energy Emag, the interlayer exchange energy Jex, and
the domain wall energy Ewall. In principal, as discussed in chapter 2.3, two different kinds of
reversal modes have been found: either the layer by layer reversal mode, expected for exchange
decoupled ferromagnetic thin films having different coercive fields, or a magnetic reversal via
so called correlated ferrostripe domains if the formation of vertical domains is energetically
favored. In the present sample series the magnetic reversal takes place by the formation of
ferrostripe domains due to dominating dipolar interactions across the small Cu spacer thick-
nesses. Such a behavior was already observed for PSV systems with Cu spacer layers of vary-
ing thickness246,247 where roughness as well as spin asymmetry of the reflection coefficients at
the interfaces (which determine the oscillatory coupling strength) lead to the suppression of the
oscillatory exchange coupling. However, these studies were performed for films with in-plane
magnetic anisotropy, having distinctly less dipolar interactions across the spacer layer.
That these samples reverse by the formation of vertically correlated ferrostripe domains was
confirmed by in-field magnetic force microscopy (MFM). An exemplary MFM image of the
remanent state after positive saturation is shown in Fig. 6.12. The average domain size was
determined for the whole series of samples because it is also influenced by the exchange cou-
pling strength: the larger the coupling strength, the larger magnetic domains evolve regardless
of whether the coupling is antiferromagnetic or ferromagnetic248. Indeed the largest average
domain size of about 210 nm was found for the sample with the thinnest Cu spacer thickness
of tCu = 10 Å, whereas the average domain size is reduced to about 170 nm at tCu = 15 Å.
But it stays more or less the same for all other samples up to tCu = 30 Å, indicating two
regimes of exchange coupling strength consistent with the room temperature magnetic hystere-
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Figure 6.11: (a) Polar-MOKE hysteresis loops recorded at room temperature for a sample series:
Si/SiO2/ Ta(15)/ Pt(22)/ [Pt(8)/Co(4)]4/ Co(4)/ Cu(tCu)/ Co(2)/ [Co(6)/Pt(8)]4/ Pt(22) (thicknesses
given in Ångström). (b) Temperature dependent SQUID M(H) hysteresis loops of the sample with
tCu = 30Å, measured with a perpendicular applied magnetic ﬁeld245.
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Figure 6.12: MFM im-
age of Si/SiO2/ Ta(15)/
Pt(22)/ [Pt(8)/Co(4)]4/
Co(4)/ Cu(30)/ Co(2)/
[Co(6)/Pt(8)]4/ Pt(22) (thick-
nesses given in Ångström) in
zero applied magnetic ﬁeld
after positive saturation.
sis loops, revealing two different reversal behaviors (see Fig. 6.11 (a)). To further elucidate this
behavior, temperature dependent measurements of theM(H) dependence have been performed,
which are shown in Fig. 6.11 (b) for the PSV sample with a 30 Å thick Cu spacer. Whereas the
nucleation field HN does not change with temperature, the saturation field Hs increases with
decreasing temperature and the slope of the descending branch is diminishing. Interestingly,
if one has a closer look on the temperature dependent hysteresis loops, it becomes apparent
that there is a maximum in coercivity at 50 K accompanied by a maximum in Mr/Ms. The re-
manent magnetization and coercivity in dependence of the measurement temperature are sum-
marized in Fig. 6.13 (a) and Fig. 6.13 (b), respectively. There, the particular maximum at 50 K
can be observed for all samples except for the one with the thinnest Cu spacer layer thickness
(tCu = 10 Å), where Hc and Mr are monotonically increasing with decreasing temperature. An
explanation can be found by comparing these PSV thin films to nanocrystalline exchange cou-
pled composite magnets, which reveal a similar nonmonotonic behavior28 and, on the contrary,
once the coupling between the nanocrystals (or both ferromagnetic thin films in the present
case of PSV structures) becomes too strong (at tCu = 10 Å) the system behaves single phase
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Figure 6.13: (a) Remanent magnetization and (b) coercivity of the sample series presented in
Fig. 6.11 (a). All thicknesses are given in Ångström. The dashed lines in ﬁgure (b) are guides to the
eye245.
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like with a monotonic temperature dependence of the coercivity. For that reason and apart
from the grain size and the reversal mechanism (Stoner-Wohlfarth, Kondorsky), the presence
of any nonmonotonic temperature trend seems to depend on the exchange coupling strength
between ferromagnets with different coercivities. Thus the presence of limited exchange cou-
pling between soft and hard magnetic phases is believed to cause the nonmonotonic temperature
dependence of the coercive field strength.
To investigate the impact of the coercivity on the giant magnetoresistance effect, a compari-
son is presented in Fig. 6.14 (a), summarizing the magnetic field strength of maximum electrical
resistance H(Rmax) as function of temperature for the sample with tCu = 15 Å. Apart from the
fact that any nonmonotonic behavior is missing in the electrical resistance, there is an overall
offset of the magnetic field value with highest electrical resistance compared to the coercive
field, being further presented in Fig. 6.14 (b), where a comparison of R(H) and M(H) at a
measurement temperature of 10 K is shown. In general, for PSV thin films it is not expected
that Hc = H(Rmax), especially if the magnetic moment of the soft and hard layer are differ-
ent from each other, which is the case for the studied sample series because of the different
single Co layer thicknesses. Instead, H(Rmax) should be in between the saturation field of the
magnetically soft and the nucleation field of the magnetically hard layer if both are sufficiently
exchange decoupled from each other. In that magnetic field range the magnetization of the
two ferromagnetic layers is aligned antiparallel, causing the high resistance state. But as men-
tioned before, such a spin configuration is not present in the introduced PSV samples where
they are quite strongly coupled with vertically correlated magnetic domains. However, also
PSV thin films having such ferrostripe domains across the spacer layer do not have their max-
imum electrical resistance at the particular field of maximum magnetic disorder, the coercive
field. Furthermore, the occurrence of the GMR effect in such systems is additionally supported
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Figure 6.14: (a) Comparison of the coercivity Hc and the ﬁeld strength of maximum electrical resistance
H(Rmax) of Si/SiO2/ Ta(15)/ Pt(22)/ [Pt(8)/Co(4)]4/ Co(4)/ Cu(15)/ Co(2)/ [Co(6)/Pt(8)]4/ Pt(22)
(thicknesses given in Ångström). The dashed lines are guides to the eye. In (b) a comparison of M(H)
and R(H) of the same sample is shown, which was measured at 10K.
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or even enabled by the in-plane current flow due to the CIP measurement geometry, leading to
the observed electrical resistance change, which then will depend on the magnetic domain size
for a given spacer thickness.
Fig. 6.15 (a) summarizes the room temperature magnetotransport characteristics of the sam-
ple series as function of Cu spacer thickness. For tCu = 10 Å the resistance change is almost
negligible due to the single phase like magnetization reversal but the GMR ratio becomes dras-
tically increased to almost 0.9% by increasing the Cu spacer thickness to 20 Å induced by the
reduction of the exchange coupling. Further increase of the Cu layer thickness again leads to
a decrease of the maximum resistance change due to shunting currents, although the mean free
path of Cu (λCu ≈ 360 Å178,179) is still not reached. All plotted curves have a parabolic R(H)
dependence with a large hysteresis, typical for such PMA thin films with vertically correlated
ferrostripe domains209,210.
Furthermore, an additional sample series was investigated, having different Co layer thick-
nesses next to the 20 Å thick Cu spacer layer. These two FM layers mainly define the degree
of spin polarization with a large impact on the GMR response, as observed in the MR curves
shown in Fig. 6.15 (b). Please note that for the sample with the thickest Co layer next to the Cu
spacer layer, the nominal particular single Co layer thickness in each multilayer was increased
by 1 Å as well (Si/SiO2/ Ta(15)/ Pt(22)/ [Pt(8)/Co(5)]4/ Co(5)/ Cu(20)/ Co(3)/ [Co(7)/Pt(8)]4/
Pt(22), all thicknesses given in Ångström). As a result, with increasing thickness the CIP-GMR
response can be almost tripled from less than 0.5% to around 1.5% at room temperature. Al-
though the spin polarization is material specific and also interface dependent due to the resulting
spin-splitted band structure, the ferromagnetic layer thickness reveal a pronounced influence on
the GMR effect and high potential for enhancement, particularly for these very thin layer sys-
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Figure 6.15: (a) Room temperature magnetoresistance measurements for perpendicular applied mag-
netic ﬁelds of Si/SiO2/ Ta(15)/ Pt(22)/ [Pt(8)/Co(4)]4/ Co(4)/ Cu(tCu)/ Co(2)/ [Co(6)/Pt(8)]4/ Pt(22)
(thicknesses given in Ångström). In (b) a comparison with two other samples is shown, having either no
additional or thicker Co interface layers next to the Cu(20) spacer layer. Open symbols represent the
ascending ﬁeld branch245.
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tems with perpendicular magnetic anisotropy. On the other hand, it is important to mention
that this thickening drastically reduces the PMA accompanied by an increase (decrease) of the
saturation field for out-of-plane (in-plane) applied magnetic fields defining the sensitive field
range, which is shown in Fig. 6.16. Fig. 6.16 (a) presents out-of-plane hysteresis loops and (b)
the saturation fields for both field geometries, where the abscissa gives the Co thickness next
to the Cu spacer layer (5 Å (averaged), 8 Å, and 10 Å, respectively). Please note that for the
sample with the largest Co layer thickness of 10 Å each multilayer has an increased single Co
layer thickness by 1 Å. By the convergence of both saturation field values (for out-of-plane and
in-plane applied magnetic fields) with increasing Co layer thickness, it is indicated that the per-
pendicular magnetic anisotropy and especially the perpendicular sensitivity of the PSV thin film
becomes deteriorated, although the magnetic easy axis stays perpendicular. MFM imaging of
the remanent state show a ferrostripe domain pattern for all samples (not shown). Hence, the
magnetic switching mechanism does not change and the enhancement of GMR can be attributed
to an improved spin-polarized current with increasing Co layer thickness.
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Figure 6.16: (a) Polar-MOKE measurements and (b) saturation ﬁelds for in-plane and out-of-plane
applied magnetic ﬁelds of the samples shown in Fig. 6.15 (b).
Reversed Trilayer Structure
Another important aspect for the GMR effect is the spin asymmetry of both ferromagnetic lay-
ers, which are separated by a non-magnetic spacer. In this regard, tuning the magnetic properties
of both ferromagnets might increase the magnetoresistance if a fully antiparallel magnetization
state can be reached, instead of the ferrostripe domain pattern being present in all the sam-
ples investigated before. For that purpose, a sample with a reversed stack with a Cu spacer
of tCu = 20 Å was prepared where modified magnetic anisotropies in both [Co/Pt] multilay-
ers are induced by the different growing conditions (cf. Fig. 6.10). With this approach an
increased anisotropy field of the hard layer from Ha ≈ 3 kOe to Ha ≈ 5 kOe was obtained. The
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full layer stack is as follows: Si/SiO2/ Ta(15)/ Pt(22)/ [Pt(8)/Co(6)]4/ Co(2)/ Cu(20)/ Co(4)/
[Co(4)/Pt(8)]4/ Pt(22) (thicknesses given in Ångström). Interestingly, this sample shows a quite
different reversal behavior as shown in Fig. 6.17: first, the nucleation and growth of initial
reversed magnetic domains starts only in the soft layer followed by a sharp drop of the mag-
netization when the hard layer reverses, which again happens by forming vertically correlated
domains. Further increase of the magnetic field results then in a gradual reversal process until
magnetic saturation is reached. The reversal process itself seems to be more or less independent
of temperature and, as expected, only the coercivity as well as remanent magnetization is in-
creasing with decreasing measurement temperature. Additionally, the sharpness of the sudden
moment drop become slightly reduced at lower temperatures.
In order to get more insight into the magnetic reversal characteristics, in-field MFM imag-
ing was carried out at room temperature using a high-resolution MFM setup in vacuum, being
further equipped with a moveable permanent magnet. Fig. 6.18 (b)-(f) show a series of MFM
images recorded at the same sample area under different applied magnetic fields perpendicular
to the sample surface. Please note that the scale of the frequency shift is the same for all the
images. Starting from positive saturation, the first image was taken at around H = +100 Oe,
revealing domains with a weak contrast (Fig. 6.18 (b)). In this case the bottom hard layer is still
in the saturated state with a uniform magnetization pointing parallel to the external applied field,
while the top soft layer starts to form a domain pattern developing into a labyrinth-like structure
as seen in Fig. 6.18 (c) at a field of +40 Oe. By applying a reversed magnetic field of −100 Oe,
the formed domain structure in the top layer basically does not change, however the MFM
contrast increases substantially clearly indicating that the PSV thin film breaks into vertically
correlated stripe domains, where the present domain structure of the top layer is imprinted into
the bottom layer. This formation of vertically correlated domains corresponds to the sharp rever-
sal step seen in the M(H) hysteresis loop of Fig. 6.18 (a). Further increase of the reverse field
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+100 Oe +40 Oe
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Figure 6.18: (a) Room temperature SQUID M(H) hysteresis loop of Si/SiO2/ Ta(15)/ Pt(22)/
[Pt(8)/Co(6)]4/ Co(2)/ Cu(20)/ Co(4)/ [Co(4)/Pt(8)]4/ Pt(22) (thicknesses given in Ångström) and
(b-f) corresponding in-ﬁeld MFM images. The particular perpendicular applied magnetic ﬁeld values are
given in each MFM image and marked by red circles in the M(H) hysteresis loop of ﬁgure (a). The scale
of the frequency shift is the same for all MFM images245.
leads to a lateral growth of the correlated domains (Fig. 6.18 (e)) up to saturation (Fig. 6.18(f)).
A schematic of the particular domain configuration is illustrated in Fig. 6.18 (a)245.
In Fig. 6.19 (a) the MR curve of this sample is plotted for both in-plane and out-of-plane field
geometries. The out-of-plane MR curve shows an almost linear magnetic field dependence in
the field range where only the soft layer forms magnetic domains with a GMR ratio of about
1.6% at maximum. Please note that such a state was not present in all samples shown before,
where fully vertically correlated domains were formed in both layers immediately after nucle-
ation. Once the hard layer starts to reverse, which takes place via forming vertically correlated
ferrostripe domains at around remanence, the GMR ratio drops to 0.8%, followed by a parabolic
dependence with increasing reverse field until the sample is fully saturated at about 1.1 kOe. In
the case where the external field is applied in the film plane, the maximum achieved GMR ratio
is about 0.8%, matching the out-of-plane value for the ferrostripe domain configuration. Please
note that also for the corresponding PSV sample with reversed film structure a GMR ratio of
0.8% was observed (see Fig. 6.15 (b)), thus confirming that the change of magnetization rever-
sal mode mentioned before gives rise to the observed GMR enhancement in the present sample.
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Figure 6.19: (a) In-plane and out-of-plane current-in-plane magnetoresistance measurements of the PSV
sample, which was already discussed in the previous ﬁgure. Again open symbols represent the ascending
ﬁeld branch. (b) Temperature dependent out-of-plane MR loops245.
It is expected that this value can be even further enhanced by optimizing the Co layer thickness
next to the Cu spacer layer (cf. Fig. 6.15 (b)). Additionally, the temperature dependence of the
GMR ratio was determined at temperatures down to 10 K as summarized in Fig. 6.19 (b). First
of all, in the field range where vertically correlated domains are present, the MR ratio is mono-
tonically increasing with decreasing measurement temperature from 0.9% at 200 K to around
1.1% at 10 K. In contrast, the narrow peak of the GMR ratio coming from the small magnetic
field range where only the soft layer forms domains has a maximum of more than 2.5% at
100 K. At lower temperatures this effect is reduced until it almost vanishes at a measurement
temperature of 10 K. This is at first glance a rather surprising behavior but can be explained by
comparison with the corresponding SQUIDM(H) loops shown in Fig. 6.17: as already pointed
out, the maximum GMR ratio with the quite narrow peak for temperatures from room temper-
ature down to 100 K is observed at a particular applied field value, where the total magnetic
moment has dropped due to the formation of domains only in the soft layer, but with decreasing
temperature the remanent magnetization of the sample increases, obviously due to higher stabil-
ity of PMA. On the other hand, the nucleation field of a magnetization reversal being dominated
by dipolar interactions appear to be rather temperature independent as observed previously (see
Fig. 6.11 (b)). Hence, at around 50 K the situation changes as both layers start simultaneously
to form vertically correlated domains, thus reducing the GMR response. In this regard, a sim-
ilar pronounced increase of the GMR response induced by a temperature dependent variation
of the reversal behavior, changing from vertically to laterally correlated domain structures, has
been observed by Davies et al.209 in a perpendicular [Co/Pd]/ Cu/ [Co/Ni] PSV thin film. In
this system the change in reversal behavior with temperature is given by a modification of the
involved energy contributions, including the magnetostatic and domain wall energies as well as
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the interlayer exchange coupling. In our case, the behavior is based on the same parameters, but
the layer by layer reversal could be achieved already at ambient temperatures245.
The GMR ratios in dependence of the measurement temperature of both spin configurations
being present in this sample (vertically correlated domains versus layer by layer reversal mode)
are summarized in Fig. 6.20. It turns out that the enhancement of GMR ratio with decreasing
temperature is considerably stronger for the layer by layer reversal mode ((0.50 ± 0.09) %⁄100 K)
compared to the ferrostripe domain pattern ((0.086 ± 0.008) %⁄100 K). This was further verified
by a reference sample introduced earlier (Fig. 6.14) with ferrostripe domains solely, having a
comparable slope of (0.094±0.006) %⁄100 K. Following the theory of the temperature dependence
of GMR in magnetic multilayers249 with currents parallel to the interfaces, the temperature be-
havior can be explained as follows: the electrical resistance at low temperatures is dominated by
the particular spin channel with lower resistance as a kind of short circuit, and the overall resis-
tance becomes smaller, the larger the spin asymmetry coefficient. With increasing temperature
the difference of both spin channel resistances vanishes because the magnetization disappears
at the Curie temperature. Conversely, the spin-mixing resistivity term %↑↓ being zero at 0 K
increases monotonously and almost linearly in a wide temperature range ultimately dominating
the increase of the electrical resistance independent of the spin configuration (%ap, %p). The
temperature dependence of %ap and %p is then defined by three parameters only: the quality
of the film, which includes the quality of interfaces in the model, and two asymmetry factors.
One for lateral electron motion and one for transmission processes between layers, both being
dependent on the magnetization state via spin asymmetry and spin-mixing. It turned out that
the GMR effect revealed a more significant temperature dependence the larger the ground state
GMR249, which is specified by %↑↓, %p, %ap and the magnetic configuration. That means that
for reasons of a varied magnetic configuration or, additionally, varied shunting currents due
to different layer thicknesses but otherwise identical systems, different GMR ratios at a fixed
temperature can appear although the material dependent parameters are the same. Especially
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Figure 6.20: Comparison of
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plane GMR ratios for both spin
conﬁgurations being present in the
sample shown in Fig. 6.19 (b). In
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tom are shown as well. This refer-
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the shunting currents suppress the influence of spin-polarized electrons moving vertically to the
layer stack finally causing the GMR effect and thus limiting the temperature dependence of the
magnetoresistance. That this in-plane contribution, even for vertically correlated domains, has
no remarkable effect on the overall GMR value is expressed by the vanishing magnetoresistance
of the sample with the thinnest Cu spacer thickness shown in Fig. 6.15 (a).
In conclusion, it has been shown that the GMR effect of PSV thin films consisting of a Cu
spacer layer and [Co/Pt] multilayers can be considerably enhanced by an improvement of the
spin polarization as well as spin configuration. The former will again be addressed in chapter
6.3 where substituting Pt by Pd induces a further enhanced GMR ratio without the deterioration
of perpendicular magnetic anisotropy as shown in this chapter (cf. Fig. 6.15 (b) and 6.16). On
the other hand the spin configuration has been changed by a specific layer stack where [Co/Pt]
multilayers were grown on top of a Cu layer, so that a layer by layer reversal could be achieved
at least in a limited magnetic field range, which is accompanied by a doubling of the GMR
ratio (see Fig. 6.19 (a) in comparison to Fig. 6.15 (a)) and even more revealing an increased
sensitivity on measurement temperature (Fig. 6.20). But the disadvantage that is common for
all the investigated PSV thin films is the large hysteresis, which does not allow any application
as a magnetic field sensor. This issue will be tackled in the following subchapters.
6.2.2 PSV Thin Films With Crossed Magnetic Anisotropies
In this study the investigated layer stack is based on a [Pt/Co]4/Cu/Co trilayer structure with
crossed magnetic anisotropies, where the single Co layer on top exhibits a magnetic easy axis
pointing in the film plane due to shape anisotropy, being similar to the FePt based PSV structures
investigated in chapter 6.1.2. In the following, different thickness series will be investigated for
the [Co/Pt] multilayer based system with their particular impact on the GMR ratio and the
perpendicular sensitivity. Please note that this study was partially published250.
SQUID-VSM M(H) hysteresis loops of Si/ SiO2/ Pt(50)/ [Co(4)/Pt(8)]3/ Co(4)/ Cu(15)/
Co(16)/ Pt(30) (thicknesses given in Ångström) are shown in Fig. 6.21 (a) for in-plane as well
as out-of-plane applied magnetic fields. The observed loops are characteristic for all the in-
vestigated samples revealing crossed anisotropies. In out-of-plane field geometry, the sharp
switching around zero field belongs to the [Co/Pt] multilayer reversal, exhibiting a rather low
coercivity in the range of 200 Oe. At higher magnetic fields the magnetization variation is due
to the hard axis behavior of the single top Co layer revealing in-plane anisotropy with a small
hysteresis (less than 300 Oe) and an anisotropy field Ha of about 10 kOe. For the in-plane loop
the situation is reversed, the [Co/Pt] multilayer showing a reduced Ha value of about 5 kOe
and a rather small hysteresis. This was further supported by a minor loop study shown in
Fig. 6.21 (b), where it turns out that the magnetization reversal is reversible as far as the nucle-
ation field of the particular easy axis part of the PSV thin film in the given field geometry is
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Figure 6.21: (a) Room temperature SQUIDM(H) hysteresis loops250 and (b) minor loops, both for in-
plane as well as out-of-plane applied magnetic ﬁelds of Si/SiO2/ Pt(50)/ [Co(4)/Pt(8)]3/ Co(4)/ Cu(15)/
Co(16)/ Pt(30). All thicknesses are given in Ångström.
not exceeded. Starting from remanence the top Co layer with in-plane anisotropy can be slowly
rotated out of the film plane with increasing applied out-of-plane magnetic field, whereas the
[Co/Pt] multilayer shows a sharp switching between the two out-of-plane magnetization states.
Hence, both ferromagnetic layer magnetization vectors are never parallel to each other, except
at magnetic saturation, giving rise to a symmetric and continuous magnetoresistance change
in a wide magnetic field range. In the following, the magnetic and magnetotransport prop-
erties of different thickness series will be discussed, where the reference sample is always:
substrate/ Pt(50)/ [Co(4)/Pt(8)]3/ Co(toop =4)/ Cu(15)/ Co(tip =16)/ Pt(30) (thicknesses given
in Ångström). Please note that the absence of the Ta seed layer does not change the magnetic
properties much, just the mechanical sticking of the metal film on the SiO2 substrate is strongly
decreased but still sufficient for reliable measurements.
In a first series the top Co layer thickness tip was varied from 8 Å to 24 Å, keeping toop = 4 Å
constant. The influence of different magnetic anisotropy contributions is thereby changed: at
low tip thicknesses (< 8 Å), the surface and interface anisotropy dominates, causing a perpen-
dicular magnetic anisotropy64, whereas with increasing Co layer thickness the shape anisotropy
promotes an in-plane easy axis of the single Co layer as shown in Fig. 6.22 (a). With increasing
tip the shape anisotropy becomes stronger as expressed by an increase in saturation field. The
different tip thickness allows for tuning the sensitive field range of the PSV structure and its
MR dependence, which is shown in Fig. 6.22 (b). However, the thickness of the Co layer also
determines the amount of spin polarization. From Fig. 6.22 (b) it is obvious that the top Co layer
thickness, defining the sensitive field range, correlates with the GMR ratio such that the maxi-
mum resistance change is reduced to almost one third with decreasing tip. Furthermore, it has to
be noted that the sensitivity SF in the particular field range where a linear R(H) dependence is
observed decreases with increasing tip. While it reaches values of SF = 0.18 %⁄kOe for tip = 8 Å,
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Figure 6.22: (a) Polar-MOKE hysteresis loops of PSV thin ﬁlms with diﬀerent top Co layer thicknesses
(tip, given in Ångström) and (b) corresponding magnetoresistance measurements for perpendicular ap-
plied magnetic ﬁelds250.
it is continuously reduced to SF = 0.14 %⁄kOe for tip = 24 Å, which corresponds to a degrada-
tion of about 20%. The latter is most probably induced by the in-plane measurement geometry,
which promotes shunting currents. For this thickness series the overall R(H) dependence does
not change and a wide field range with a linear resistance change appears. Please note that the
apparently larger hysteresis present in the MR measurements compared to the p-MOKE loops
shown in Fig. 6.22 (a) originates from the hysteresis of the pole shoe material of the MR setup
used.
In a second series, the thickness of the topmost Co layer of the [Co/Pt] multilayer (toop )
was varied from 0 Å to 8 Å with a fixed tip = 16 Å. In case of toop = 0 Å there are just three
repetitions of the multilayered structure and the Cu spacer is in direct contact with the 8 Å thick
Pt layer. In this series the magnetic reversal of the top Co layer is not influenced by toop as
can be seen in Fig. 6.23 (a). For 0 Å ≤ toop ≤ 6 Å the [Co/Pt] multilayer keeps full remanence
(Mr/Ms = 1) but the coercivity increases with increasing toop (see inset of Fig. 6.23 (a)). For
toop = 8 Å the demagnetizing field becomes too strong and the magnetization reversal is now
dominated by the formation of perpendicular magnetic domains before remanence. This is
driven by the additional stray field of the top Co layer, as confirmed by a reference sample
without the upper bilayer of Cu and Co, which still revealsMr/Ms = 1. However, in this series a
maximum GMR ratio of 2% is obtained in the sample with the thickest Co layer where the effect
of additional lateral domains in the [Co/Pt] multilayer is clearly visible, which further increase
the resistance change by around 0.3 pps (cf. Fig. 6.23 (b)). Furthermore, for this sample a field
sensitivity of SF = 0.21 %⁄kOe in the linear field range between 1 kOe and 7 kOe is obtained. As
expected, with decreasing toop, the GMR effect is reduced and it almost vanishes for toop = 0 Å
due to the high spin-orbit coupling of Pt limiting the spin coherence length to lsd = 12 Å225.
85
6.2 [Co/Pt] Based PSV Thin Films
- 5 0 5 1 0 1 5
- 1 . 0
- 0 . 5
0 . 0
0 . 5
1 . 0
- 1 5 . 0 - 7 . 5 0 . 0 7 . 5 1 5 . 0
0 . 0
0 . 6
1 . 2
1 . 8
- 0 . 8 - 0 . 4 0 . 0 0 . 4 0 . 8
- 0 . 6
- 0 . 3
0 . 0
0 . 3
0 . 6
Nor
ma
lize
d K
err 
Rot
atio
n
M a g n e t i c  F i e l d  [ k O e ]
 t o o p = 8 t o o p = 6 t o o p = 4 t o o p = 2 t o o p = 0
 t o o p = 8 t o o p = 6 t o o p = 4 t o o p = 2 t o o p = 0
GM
R [%
]
M a g n e t i c  F i e l d  [ k O e ]
a ) b )
Figure 6.23: (a) Polar-MOKE hysteresis loops of PSV thin ﬁlms with diﬀerent thicknesses of the
topmost Co layer (toop, given in Ångström). The inset shows an enlargement of the hysteresis loops. In
(b) the corresponding CIP-GMR loops are presented for perpendicular applied magnetic ﬁelds250.
In a third series, the Cu spacer layer thickness x was varied between 8 Å and 28 Å using the
following layer stack: Si/SiO2/ Pt(50)/[Co(4)/Pt(8)]3/ Co(4)/ Cu(x)/ Co(16)/ Pt(30) (thicknesses
given in Ångström). P-MOKE hysteresis loops are presented in Fig. 6.24 for the whole thick-
ness series. For x ≥ 13 Å the exchange coupling through the Cu spacer is negligible and thus
the corresponding hysteresis loops are almost identical to each other. Conversely, for smaller
thicknesses the exchange coupling becomes dominant, showing a decreased coercivity of the
[Co/Pt] multilayer at x = 10 Å (see inset of Fig. 6.24) until the coercivity as well as the rema-
nent magnetization completely vanishes at x = 8 Å. In this case a full in-plane PSV system is
suggested from the hysteresis loop, which is induced by the strong magnetic coupling to the
thick Co top layer. A selection of CIP-MR measurements is shown in Fig. 6.25 (a). In the fol-
lowing the R(H) behavior of the sample with thinnest Cu spacer layer (x = 8 Å) is discussed:
starting from saturation (both layers are aligned to the applied perpendicular magnetic field) and
reducing the field, there is a near-linear increase in resistance, caused by the rotation of the Co
top layer towards the in-plane direction. At around 1.45 kOe a maximum in electrical resistance
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Figure 6.24: Room temper-
ature polar-MOKE hysteresis
loops of the Cu thickness series:
Si/SiO2/ Pt(50)/[Co(4)/Pt(8)]3/
Co(4)/ Cu(x)/ Co(16)/ Pt(30),
thicknesses are given in
Ångström. The inset shows
an enlargement of the loops,
revealing the magnetic reversal
of the [Co/Pt] multilayer in
dependence of the Cu layer
thickness250.
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Figure 6.25: (a) Room temperature CIP-MR loops of the Cu thicknesses series (x given in Ångström)
presented in Fig. 6.24. (b) GMR ratio as function of the Cu thickness250.
develops. At this field value the Co top layer is oriented mostly in the film plane while the
[Co/Pt] multilayer is still aligned in field direction (see Fig. 6.24). With further field reduction
the [Co/Pt] multilayer also starts to rotate towards the in-plane direction and at zero applied
magnetic field a local minimum of the electrical resistance appears, which now depends on the
relative orientation of the two in-plane ferromagnets. In contrast, the samples with x = 10 Å
and x = 13 Å do not show a local minimum in resistance at remanence as the two ferromagnets
exhibit crossed magnetic anisotropies due to a reduced exchange coupling. At small negative
fields the magnetization reversal of the [Co/Pt] multilayer can be identified, as indicated by a
sudden drop in resistance. For all other Cu layer thicknesses the MR is comparable to the sam-
ple with x = 13 Å with an almost linear R(H) dependence across the whole field range. Except
for the reversal of the perpendicular magnetized part of the PSV thin film, the field dependence
of the magnetization and, as a consequence, the magnetoresistance is practically hysteresis-free.
The maximum resistance change plotted versus the Cu layer thickness (Fig. 6.25 (b)) shows a
distinct enhancement of the GMR ratio for small Cu layer thicknesses. This is due to the tran-
sition from a strongly exchange coupled magnetic reversal mechanism to an independent layer
by layer reversal process. Once both ferromagnets are sufficiently decoupled from each other
at x = 15 Å, a maximum GMR ratio is reached, followed by a weak exponential decay due to
shunting currents. However, the field sensitivity is best for x = 13 Å distinguished by a broad
plateau in the first derivation of R(H) shown in Fig. 6.26: starting at x = 15 Å and increas-
ingly more pronounced for thicker spacer layer thicknesses, the slope of R(H) does not form a
constant plateau but becomes larger with decreasing applied magnetic field.
Summarizing the thickness series, it has to be noted that there are only small differences
between all perpendicular magnetized PSV thin films (which have been investigated in chap-
ter 6.2.1) and such with crossed anisotropies concerning the GMR ratio. Both systems reveal a
maximum GMR ratio at a Cu thickness of x ≈ 15 Å with a steep increase for smaller thicknesses
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ness series presented
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and a small decay in case of thicker spacer layers without any indication for an oscillatory thick-
ness dependence. Please note that a very similar dependence of the GMR ratio on the Cu spacer
layer thickness was also observed by A. V. Svalov et al.251 for spin valve structures with in-plane
magnetic anisotropy. Hence, any effect of RKKY coupling is negligible and magnetostatic ef-
fects are dominating the magnetic reversal especially for the very thin spacer layer regime.
Furthermore, the R(H) and also M(H) dependence is very sensitive to all involved layer thick-
nesses via the anisotropy contributions (especially for the Co layer thicknesses) and exchange
coupling strength (mainly due to the spacer layer thickness). To achieve a maximum CIP-GMR
for [Co/Pt] based PSV thin films, the in-plane magnetized Co layer thickness should not exceed
20 Å (cf. Fig. 6.22) but on the other hand, for reasons of spin polarization, it should not become
too thin. In case of the [Co/Pt] multilayer layers, revealing perpendicular magnetic anisotropy,
the GMR effect is enhanced with increasing Co layer thickness but the PMA is deteriorated. In
this regard, a further sample has been prepared designed for maximum GMR and with crossed
magnetic anisotropies, revealing a sharp reversal of the [Co/Pt] multilayer in perpendicular ap-
plied magnetic fields. The layer stack is as follows: Si/SiO2/ Pt(22)/ [Pt(8)/Co(6)]4/ Cu(15)/
Co(16)/ Pt(30) (thicknesses are given in Ångström). The room temperature magnetoresistance
of GMR = 1.9% is further increased to 2.7% at 20 K (see Fig. 6.27 (b)). But from Fig. 6.27 (a),
it is apparent that this sample is quite far from having solely intrinsic perpendicular sensitiv-
ity: the in-plane saturation field is about half the value of the one for perpendicular applied
magnetic fields, while the total resistance change is equal to each other. Considering the high
saturation magnetization of [Co/Pt] multilayers of up to Ms ≈ 1900 emu/cm3 64 (if only the Co
layer thickness is considered) a reasonable increase of the anisotropy field does not seem to be
possible for [Co/Pt] based PSV thin films. By measuring the anisotropy field, P. F. Carcia once
stated that the anisotropy of [Co/Pt] multilayers is independent of the single Co layer thick-
ness252, which was disproved by C.-J. Lin et al., showing a strong Co thickness dependence of
the magnetic anisotropy64. But this behavior is due to a variation in saturation magnetization,
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Figure 6.27: (a) Room temperature CIP-MR measurements of Si/SiO2/ Pt(22)/ [Pt(8)/Co(6)]4/
Cu(15)/ Co(16)/ Pt(30) (thicknesses given in Ångström) for diﬀerent ﬁeld geometries and (b) shows
the temperature dependence of magnetoresistance for out-of-plane applied magnetic ﬁelds: the room
temperature measurement was determined by four-point probe technique (the same curve as in Fig. (a)),
whereas the low temperature measurements have been recorded in an Oxford cryostat using the van-der-
Pauw method.
which reaches a maximum at around tCo ≈ 3 Å and descend for thicknesses smaller than 2 Å,
which was shown by the same authors. However, in our study a rather constant anisotropy field
of around Ha ≈ 5 kOe was observed for all investigated [Co/Pt] based PSV thin films.
There are, e.g., two possibilities to overcome the hurdle of insufficient anisotropy: either the
exchange bias effect (cf. chapter 2.2) as an unidirectional magnetic anisotropy contribution is
applied to the ferromagnet with PMA or the second ferromagnet in the layer stack, revealing
an in-plane magnetic anisotropy, is simply reduced in thickness. In the follwing subchapter,
[Co/Pd] multilayers, which are expected to induce higher GMR ratios, will be addressed.
6.3 [Co/Pd] Based PSV Thin Films
PSV thin films with crossed anisotropies based on the layer stack substrate/ Ta(15)/ Pd(22)/
[Pd(8)/Co(4)]4/ Co(2)/ Cu(15)/ Co(tCo)/ Pd(30) (thicknesses are given in Ångström) were pre-
pared with a magnetic reversal behavior similar to comparable [Co/Pt]4 multilayer based sam-
ples studied in the previous chapter. However, [Co/Pd] multilayers exhibit a larger coercivity of
up to 1.8 kOe (an exemplary M(H) measurement is presented in Fig. 6.34 (a)). Results of CIP-
GMR measurements are shown in Fig. 6.28 for two different tCo and for both field geometries.
Under the assumption that the maximum magnetoresistance change does not depend on the par-
ticular field direction, the normalizedR(H) dependence for in-plane applied magnetic fields has
been shifted by a certain offset to hit GMR(0) of the out-of-plane measurement, although mag-
netic saturation was not possible with the highest possible field strength of H ipmax = 4.8 kOe.
For the thinner top Co layer a GMR effect of almost 3.4% was measured, which is further in-
creased to 4.5% for tCo = 12 Å and again, the improvement of the GMR ratio with increasing
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Figure 6.28: Room temperature CIP-MR measurements with out-of-plane as well as in-plane applied
magnetic ﬁelds of Si/SiO2/ Ta(15)/ Pd(22)/ [Pd(8)/Co(4)]4/ Co(2)/ Cu(15)/ Co(tCo)/ Pd(30) (thick-
nesses given in Ångström) with (a) tCo = 10Å and (b) tCo = 12Å, respectively.
Co layer thickness is accompanied by an increase of the out-of-plane saturation field. Although
the isotropic case is still not reached with an equal sensitivity for out-of-plane and in-plane
applied magnetic fields, the perpendicular field sensitivity in the linear range is already dimin-
ished from SF ≤ 0.9 %⁄kOe for tCo = 10 Å to SF ≤ 0.6 %⁄kOe for tCo = 12 Å, while the in-plane
one stays almost the same at SF ≈ 0.35 %⁄kOe. In comparison to single [Co/Pd] multilayers the
out-of-plane coercivity of these coupled PSV thin films is decreased to Hc ≈ 0.5 kOe due to
internal stray fields across the Cu spacer layer (see equation 2.9). Furthermore, by comparing
similar PSV thin films based on [Co/Pt] multilayers, it turns out that just by substituting Pt by
Pd the GMR response can be more than doubled (compare Fig. 6.23 (b) and Fig. 6.28). That
emphasizes the importance of the degree of spin polarization for the GMR effect, given by the
longer spin diffusion length of Pd compared to Pt225 (lPdsd ≈ 1.7 · lPtsd ).
In order to further enhance the field sensitivity, the out-of-plane saturation field was reduced
by coupling the in-plane magnetized top Co layer to a thin Ni layer having less saturation
magnetization. This was done in such a way that the Co layer is partly substituted by a Ni
layer in order to keep the total free layer thickness constant. A sample series based on the
layer stack Si/SiO2/ Ta(15)/ Pd(22)/ [Pd(8)/Co(4)]4/ Co(2)/ Cu(15)/ Ni(x)/ Co(15−x)/ Pd(30)
has been prepared and compared to an additional sample with an inverted free layer structure:
Si/SiO2/ Ta(15)/ Pd(22)/ [Pd(8)/Co(4)]4/ Co(2)/ Cu(15)/ Co(9)/ Ni(6)/ Pd(30). Room tempera-
ture magnetotransport measurements for the Ni thickness series for perpendicular applied mag-
netic fields are shown in Fig. 6.29 (a). First of all, in comparison to the thinner top Co layers
shown in Fig. 6.28 the GMR ratio, being 4.5%, can not become further increased with Co layer
thickness, only the out-of-plane saturation field is increased. But as expected, this value can be
reduced with increasing Ni layer thickness from more than 10 kOe (x = 0) to about 5 kOe for
x = 6 Å. Unfortunately, associated with the increase of Ni layer thickness and the accompanied
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Figure 6.29: (a) Room temperature CIP-MR measurements with out-of-plane applied magnetic ﬁelds
and (b) ﬁeld sensitivity of Si/SiO2/ Ta(15)/ Pd(22)/ [Pd(8)/Co(4)]4/ Co(2)/ Cu(15)/ Ni(x)/ Co(15−x)/
Pd(30), all layer thicknesses are given in Ångström.
reduction of Co layer thickness, the GMR ratio degrades as well. Hence, there is no distinct
improvement of magnetic field sensitivity as can be seen in Fig. 6.29 (b). Because the bulk spin
polarization of Co and Ni is roughly the same at about 40%2, a remarkable reduction of GMR
as being present in the measurement has not been expected. But as was found by Eriksson et
al.253, there is a distinct difference of spin polarization of bulk compared to surface states. In
their work they have calculated the spin-polarized density of states based on a model where the
atoms are in their bulk crystal structure positions without any relaxation of the surface atoms.
It turned out that seven monolayers (in case of hcp-Co just five) are necessary to reach bulk
properties and whereas the spin polarization at the Fermi level of Co slightly increases by ap-
proaching the surface, it decreases for Ni. For the investigated PSV thin films with a maximum
Ni thickness of just 6 Å (less than two monolayers) it is assumed that such surface states with
reduced spin polarization might be the origin of the GMR degradation. Beyond, it has to be
noted that also the in-plane measurement geometry may additionally reduce the GMR effect
if an already thin free layer is split into two of even different materials each having different
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Figure 6.30: Room temper-
ature CIP-MR measurements
for perpendicular applied mag-
netic ﬁelds of Si/SiO2/ Ta(15)/
Pd(22)/ [Pd(8)/Co(4)]4/ Co(2)/
Cu(15)/ Ni(x)/ Co(15−x)/
Pd(30) and Si/SiO2/ Ta(15)/
Pd(22)/ [Pd(8)/Co(4)]4/ Co(2)/
Cu(15)/ Co(9)/ Ni(6)/ Pd(30),
respectively. All thicknesses are
given in Ångström.
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chemical potentials. However, in order to reduce the adverse contribution of the spin polariza-
tion of very thin Ni layers on the GMR effect, the layer order of the Ni/Co bilayer was changed.
A comparison of magnetoresistance measurements of the PSV thin film without any Ni layer
and samples with x = 6 Å for Co/Ni and Ni/Co top layers is shown in Fig. 6.30. Whereas the
GMR ratio indeed is considerably enhanced by the removal of Ni from the GMR sensitive inter-
face, the magnetic field sensitivity can not be improved further by inverting the Ni/Co bilayer,
because the anisotropy field is increased from Ha ≈ 5 kOe to around Ha ≈ 10 kOe. The origin
of this behavior is not yet clear but could be based on different growth conditions of Ni on either
Cu or Co.
6.3.1 PSV Thin Films on Flexible Substrates
For magnetic field sensing applications, it might be advantageous to have the spin-valve (SV)
or PSV thin film on a flexible substrate instead of using rigid glass or Si substrates. Multi-
layered structures revealing PMA like, for instance, [Co/Pd]4, which can be simply deposited
at room temperature even on amorphous substrates, enable this implementation as far as the
substrate has low roughness. Here, two types of commercially available thermosplastic sub-
strates have been used: Kapton® HN polyimide foil supplied by DuPont™ and a flexible
PET film, often available as a one side Indium-Tin-Oxide (ITO) coated PET foil. In the lat-
ter case, the layer stack was deposited on the backside to avoid high shunting currents due to
the conductive coating. Additionally, also standard thermally oxidized Si substrates were em-
ployed, which have been dry-etched by Ar sputtering from the backside to an overall thickness
of 50µm and 100µm, respectively. A comparison of magnetotransport measurements for sam-
ples with a layer stack based on the previous findings: substrate/ Ta(15)/ Pd(22)/ [Pd(8)/Co(4)]4/
Co(2)/ Cu(15)/ Co(14)/ Pd(30) deposited on both foils and a rigid Si/SiO2 substrate is shown
in Fig. 6.31. Due to the fact that the magnetic reversal is comparable for all the samples (not
shown), the overall shape of theR(H) dependence is the same as well. However, the GMR ratio
is slightly reduced on the Kapton foil and already quite remarkably decreased in case of the PET
foil. The deterioration of the magnetotransport properties of the PSV thin films especially on
the latter foil can be attributed to the substrate roughness, which has been measured by AFM.
The root-mean-squared roughness Rrms was determined to RSiO2rms = 0.3 nm, R
Kapton
rms = 1.2 nm,
and RPETrms = 28 nm. In case of the Kapton foil, it has to be noted that it exhibits a front and
a backside with quite different values due to the manufacturing process: on the backside a
roughness of up to RKaptonrms = 9 nm was measured. All these values have been calculated from
(4×4)µm2 large AFM images. Although the determined roughness is distinctly larger than the
overall nominal film thickness (tPSV = 14.6 nm) in case of the PET foil, the GMR is still larger
than 3%. But due to defects caused by the rough surface of the substrate, the magnetoresistance
is reduced by more than 25% in comparison to the Si/SiO2 substrate, having a smooth surface.
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perature CIP-MR measurements
for perpendicular applied mag-
netic ﬁelds of substrate/ Ta(15)/
Pd(22)/ [Pd(8)/Co(4)]4/ Co(2)/
Cu(15)/ Co(14)/ Pd(30) (thick-
nesses given in Ångström) de-
posited on a rigid Si/SiO2 and
two ﬂexible substrates as indi-
cated in the legend.
In the following two subchapters the magnetic and magnetotransport properties of flexible
PSV thin films under temperature treatment and mechanical strain will be investigated.
6.3.2 Investigation of Durability and Temperature Resistance
In a first temperature series the PSV thin film deposited on Kapton foil has been heated up
to a maximum temperature of 100 ◦C in atmosphere. The holding period at each temperature
was kept constant at 2 h, except of one 12 h long time annealing at 80 ◦C and in between each
heating cycle the samples were measured at room temperature by CIP magnetotransport mea-
surements. The results are presented in Fig. 6.32. Whereas the saturation field of the whole
stack as well as the coercive field of the [Co/Pd] multilayer stays constant, the GMR ratio is
strongly degraded after each heating cycle although the temperatures are still rather moderate.
After the first annealing for 2 h at 60 ◦C the GMR ratio is already decreased to 80% of the initial
value and the deterioration slowly proceeds even for the second annealing at again 60 ◦C. For
higher temperatures the reduction in GMR ratio becomes accelerated. Finally, after the whole
annealing process the maximum magnetoresistance change is smaller than 1.5%, around 33%
of the initial value. Furthermore, the sheet resistance has increased to 127% of the initial value.
Although the film deposition was done at room temperature, it is expected that crystallization
and diffusion play a negligible role for the observed degradation of the GMR because of the low
temperatures. Furthermore, the magnetic reversal stays unchanged after this moderate heating
cycle as well. In addition, XRD measurements have not been able to reveal structural changes.
For a further study two additional samples were prepared on a reference Si/SiO2 substrate, hav-
ing an increased Pd capping layer thickness of 100 Å. Additionally, one of the samples has a
Ta seed layer thickness of 60 Å. By that, the small difference of R(H) for a Kapton foil and
for rigid Si/SiO2 substrates visible in Fig. 6.31 could be eliminated and both samples show an
identical response even after each heating cycle as can be seen in Fig. 6.33 (a). But, due to the
higher shunting currents through the thicker Ta layer and the Pd cap, the maximum resistance
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Figure 6.32: Room tem-
perature CIP-MR measurements
for perpendicular applied mag-
netic ﬁelds of substrate/ Ta(15)/
Pd(22)/ [Pd(8)/Co(4)]4/ Co(2)/
Cu(15)/ Co(12)/ Pd(30) (thick-
nesses given in Ångström) de-
posited on Kapton foil after heat-
ing cycles under atmosphere. The
heating period and temperature
of each cycle is given in the leg-
end.
change is reduced to less than 3%. For that reason, the GMR ratios are normalized to their
initial values.
Fig. 6.33 (b) shows the results of magnetoresistance measurements for the whole annealing
procedure of these four samples. There, the 12 h long-time annealing at 80 ◦C has been done last
(order of annealing steps indicated by arrows in the figure) to be able to exclude the possibility
of any influence of crystallization at this higher temperature. It appears that the GMR ratio is
similar for all samples at all temperatures. Two aspects have to be concluded: (i) the substrate
and the seed layer thickness do not affect the degradation of the GMR response and (ii) even
100 Å thick Pd can not prevent the deterioration of the magnetotransport properties. Moreover,
by comparing these results to results of a sample with a 30 Å Pd capping layer only (shown in
Fig. 6.32), it has to be concluded that no reasonable improvement of temperature resistance can
be achieved by thickening the Pd capping layer: whereas the resistance to a low temperature
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Figure 6.33: Results of out-of-plane CIP-MR measurements of Substrate/ Ta(x)/ Pd(22)/
[Pd(8)/Co(4)]4/ Co(2)/ Cu(15)/ Co(12)/ Pd(100) (thicknesses given in Ångström) deposited on two
diﬀerent substrates: ﬂexible Kapton foil and rigid SiO2/Si substrates. (a) shows the R(H) dependence
for x = 60Å after various heating steps and (b) summarizes the results of all four samples, where each
GMR ratio was normalized to the particular not annealed reference sample. The standard annealing
duration was two hours, except for the last long-time annealing at 80 ◦C, as indicated in the ﬁgure.
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annealing up to 60 ◦C becomes improved with thicker Pd, the degradation of the GMR ratio
after the whole annealing process is rather comparable. This is also true for the increase of the
sheet resistance to 128% of the initial value.
Furthermore, the reference sample, which was kept under ambient conditions and exposed
to air for five months also showed a degradation of the GMR ratio to 70% of the initial value.
Hence Pd is not a suitable choice as capping layer material because it can not even guarantee
room temperature stability.
To elucidate the reason for the reduction of the GMR ratio with time and especially with
heating cycle, structural and magnetic characterizations were performed by AFM, XRR and
SQUID measurements. AFM measurements revealed a rather constant root-mean-squared sur-
face roughness below Rrms ≤ 0.2 nm for all samples deposited on SiO2/Si substrates, whether
annealed or not and XRR measurements (see Fig. 6.34 (b)) do not show large differences either.
Although no simulation of the XRR data could be performed for reasons of the quite complex
layer stack with many degrees of freedom of the simulation parameters, still some conclusions
can be made: (i) because the damping of the oscillations is low and comparable to each other,
the interface roughness does not change significantly even after the full annealing procedure up
to 100 ◦C and (ii) diffusion and strong alloying of the particular layers can be excluded because
the oscillation periods are comparable. In Fig. 6.34 (a) the corresponding magnetic hysteresis
loops for perpendicular applied fields are shown for the samples (reference and annealed sam-
ple) with a Ta layer thickness of x = 60 Å. The hard axis part of the top Co layer with in-plane
anisotropy, showing an anisotropy field of around Ha = 8 kOe, as well as the easy axis part of
the [Co/Pd]4 multilayer with a coercivity of Hc = 0.4 kOe are clearly observed. Although the
GMR ratio of the annealed sample has dropped to 36% of the value of the reference sample,
surprisingly, both hysteresis loops look rather similar. Just a weak decrease in magnetic moment
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Figure 6.34: (a) Out-of-plane SQUID M(H) hysteresis loops and (b) XRR measurements of Si/SiO2/
Ta(60)/ Pd(22)/ [Pd(8)/Co(4)]4/ Co(2)/ Cu(15)/ Co(12)/ Pd(100) prepared at room temperature (ref-
erence sample) and after annealing up to 100 ◦C (annealed sample). The annealed sample passed the full
annealing process shown in Fig. 6.33.
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of the top Co layer can be identified: by the full annealing cycle up to 100 ◦C its magnetiza-
tion is reduced by around 10% compared to the reference sample. This reduction of magnetic
moment might be attributed to an oxidation process, which should lead to the formation of
antiferromagnetic CoO most likely at the Co grain boundaries.
To confirm the presence of CoO next to Co forming an anti-/ferromagnetic interface, addi-
tional magnetic measurements were performed. In this case, the occurrence of the so called
exchange bias effect24 is expected, indicated by a unidirectional shift of the magnetic hysteresis
loop when field cooled through the Néel temperature TN, which is around 250 K for CoO thin
films254. The results of these measurements down to 20 K are shown in Fig. 6.35 for the sample
with a 100 Å thick Pd capping layer and are compared to an unheated otherwise identical ref-
erence sample. Apart from the increase of coercivity in comparison to the reference sample, a
small but noticeable shift of the hysteresis loop by cooling the sample from room temperature
down to the measurement temperature in an in-plane applied cooling field of −10 kOe was ob-
tained for the heated sample, which sets in at about 250 K. In contrast, no exchange bias effect
was observed for the reference sample as long as the sample is not exposed to air for a longer
period confirming our assumption. Pd is a well-known oxidation catalyst255, thus it is expected
that oxygen will diffuse via the grain boundaries of polycrystalline Pd down to the top Co layer
forming CoO. This process will continue down to the Cu/Co interface, affecting most likely the
thin Cu layer as well, where the deterioration of the GMR effect takes place accompanied by
the increase of the sheet resistance of about 30%. It should be mentioned that hydrogen absorp-
tion could have an additional influence on the magnetic256 and magnetotransport properties and
might play a role here as well.
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Figure 6.35: (a) Coercivity and (b) exchange bias ﬁeld of the top Co layer measured at low temperatures
for in-plane applied magnetic ﬁelds of the samples: Si/SiO2/ Ta(60)/ Pd(22)/ [Pd(8)/Co(4)]4/ Co(2)/
Cu(15)/ Co(12)/ Pd(100). The reference sample has never been heated and shows the initial GMR ratio,
whereas the annealed sample has passed the full annealing sequence summarized in Fig. 6.33 (b). The
samples were cooled from 300K to the measurement temperature while an in-plane ﬁeld of −10 kOe was
applied.
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To avoid an oxidation process along grain boundaries, tantalum was utilized as capping layer
material because Ta is assumed to grow amorphous by room temperature magnetron sputtering.
Additionally, it is known that Ta thin films oxidize but form a passivating oxide layer, preventing
further oxidation257. Hence, a Ta capping layer thickness of 40 Å was chosen for the PSV thin
film with the following layer stack: Si/SiO2/ Ta(15)/ Pd(22)/ [Pd(8)/Co(4)]4/ Co(2)/ Cu(15)/
Co(12)/ Ta(40). After the standard heating procedure, applying 60 ◦C, 80 ◦C, and 100 ◦C for two
hours, no considerable change occurred, neither in magnetic nor magnetotransport properties,
the sheet resistance increased to 103%. Furthermore, also long-time annealing was carried out at
90 ◦C for 80 h, where no deterioration within the error bars of the GMR value could be observed
(not shown). In a further study, even higher temperatures up to 200 ◦C were applied. The
corresponding results of polar-MOKE and magnetoresistance measurements are presented in
Fig. 6.36. Whereas the anisotropy field of the PSV thin film stays constant even after annealing
at 200 ◦C (not shown), the coercivity starts slowly to increase after annealing at 125 ◦C due to
an increase in PMA258, indicating the onset of diffusion processes. This is accompanied by the
decay of the GMR ratio. However, even after annealing at 200 ◦C for two hours the GMR ratio
is still 65% of the initial value.
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Figure 6.36: Giant magnetoresis-
tance and coercivity of the [Co/Pd]4
multilayer reversal determined by
polar-MOKE of Si/SiO2/ Ta(15)/
Pd(22)/ [Pd(8)/Co(4)]4/ Co(2)/
Cu(15)/ Co(12)/ Ta(40). All the
measurements were done at room tem-
perature after each two hour annealing
at the indicated temperature. The
horizontal lines are ﬁts of the ﬁrst three
data points. For comparison, CIP-MR
data obtained for the 100Å thick Pd
capping layer, which were presented
previously, are included.
6.3.3 Magnetotransport of Strained Flexible PSV Thin Films
To finally investigate the performance of the flexible magnetic field sensors in dependence of
mechanical stress, the magnetoresistance was measured at the Leibniz Institute for Solid State
and Materials Research in Dresden/Germany. There a setup was used where the sample could
be bended due to the clamping between two moveable brass blocks as shown in Fig. 6.37 (a).
To ensure a simultaneous measurement of transport properties, the usage of a rigid four-point
probe station is not possible and the sample has to be contacted by flexible wires, thus requiring
either an application of the van-der-Pauw method or thin film patterning. The last was chosen
for this study, which was done at the University of Applied Sciences in Mittweida/Germany
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a) b)
Figure 6.37: (a) Setup for measuring the magnetoresistance for out-of-plane applied magnetic ﬁelds
of a ﬂexible sample with respect to the bending radius, which is freely adjustable. In (b) an optical
microscopy image of the patterned samples is shown, where the contact pads in the middle are around
(1× 1)mm2 in size.
by laser ablation, such that a meander structure in the micrometer range was generated being
connected to contact pads, which are large enough to solder the measurement cables. An optical
microscopy image of such a sample is shown in Fig. 6.37 (b). As substrates thinned Si/SiO2
substrates were used, which permit measurements down to a bending radius of around 16 mm
and 11 mm before breaking, for a membrane thickness of 100µm and 50µm, respectively.
Furthermore, because of the limited pole shoe distance of the used setup due to the brass blocks,
the magnetic field is restricted to values of around 4 kOe at maximum, which is not sufficient
to magnetically saturate the samples. Therefore, the magnetoresistance results are presented
in a way that the maximum GMR value at around remanence is set to 0% and the ordinate
being mirrored as shown in Fig. 6.38. This figure shows measurements of the sample where
the PSV thin film was deposited on a 100µm thick Si/SiO2 membrane, which basically behave
very much the same as the stack deposited on top of the 50µm thick membrane (not shown).
Apparently, the CIP-MR performance does not deteriorate with decreasing bending radius and
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Figure 6.38: CIP-MR measure-
ments in dependence of the bend-
ing radius of Si/SiO2/ Ta(15)/
Pd(22)/ [Pd(8)/Co(4)]4/ Co(2)/
Cu(15)/ Co(12)/ Pd(30) (thick-
nesses given in Ångström). The
substrate thickness is 100µm
and the inset shows the relative
change of the remanent electrical
resistance.
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also the sheet resistance of the sample does not change much as demonstrated in the inset of
Fig. 6.38. Basically the field sensitivity seems to even increase with higher stress since the slope
of the different M(H) dependences increases slightly. Although the magnetic field actually is
applied parallel to the sample normal just in a very small area at the center of the sample, the
measured magnetoresistance for these small bending radii does not contain remarkable in-plane
components since the sensitive sample area is limited to around 1 mm due to the patterned
meander structure. Hence, for bending radii larger than 10 mm, being accessible with these
Si/SiO2 membranes, any measurement artifacts based on a local misalignment of the applied
magnetic field do not play any role and the CIP-MR results reveal a stable performance against
mechanical stress, where the substrate determines the limit of reversible properties.
6.4 Summary
This chapter started with the utilization of the L10-chemically ordered FePt alloys for magne-
toresistive applications where different constraints occur: (i) the high temperatures necessary
to achieve chemically ordering interfere the use of adequate spacer materials for GMR applica-
tions, (ii) for perpendicular magnetic anisotropy the FePt alloy has to grow with (001) texture,
which could not be induced by the used spacer materials (Ag, Cu, Ge and Ru) and (iii) FePt
enables just a rather weak spin polarization due to the large Pt content with high spin-orbit in-
teraction. Especially the latter enforces the use of other materials such as [Co/Pt] and [Co/Pd]
multilayers, revealing high perpendicular magnetic anisotropy. For these systems basically any
amorphous substrate with adequate roughness can be used and no high temperatures are neces-
sary during film growth. Pseudo-spin-valves with all out-of-plane magnetic easy axes as well
as crossed magnetic anisotropies have been prepared, evaluated and developed especially with
regard to an application as magnetic field sensor. The main aspect of achieving a preferably
high GMR effect is to induce a highly spin-polarized current in one ferromagnet (for example
the reference layer), which can be achieved by adequate materials and a homogeneous magne-
tization. The spacer material in between has to guarantee no deterioration of spin polarization
(long spin diffusion length), whereby it becomes clear that the current perpendicular-to-the-
plane measurement geometry is favored due to less shunting currents. Further requirements to
the spacer layer are sufficient magnetic decoupling as well as to supply adequate growth condi-
tions for the second ferromagnet on top. These have been shown to be partially challenging for
PSV systems with PMA because of strong dipolar interactions across very thin spacers. Finally,
the second ferromagnetic layer (the free layer) has to reveal high spin polarization as well and
the magnetic properties have to meet the requirements to define the sensitive field range of the
sensor. But as has been shown in chapter 6.2.2, the spin polarization is very sensitive to the par-
ticular ferromagnetic layer thickness in the vicinity of the spacer layer, which also has a huge
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impact on the magnetic properties. Hence, at least for the applied CIP measurement geometry,
an increase of field sensitivity by reducing the ferromagnetic layer thickness accompanied by a
decrease of anisotropy field was not possible. Maximum GMR ratios of up to 4.5% have been
achieved with [Co/Pd] multilayer based layer stacks (see chapter 6.3). These pseudo-spin-valve
systems have been further analyzed regarding their temperature stability and magnetoresistive
properties under mechanical strain. The former could be improved by using an amorphous Ta
layer as capping layer, which prevents the oxidation of the free and the spacer layer250, whereas
the latter, the magnetotransport of strained felxible substrates, was found to be limited by the
mechanical properties of the substrate.
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7 Conclusion
The focus of the present work was on hard magnetic materials with perpendicular magnetic
anisotropy like the L10-chemically ordered FePt alloy and Co based multilayered structures,
which are potential candidates for a future application as, for instance, the storage layer of hard
disk drives or as a part of spintronic systems. Whereas the FePt alloy currently is the favorite
material for storage applications due to its very large magnetic anisotropy constant, it is not
the first choice for magnetic field sensing applications, cf. chapter 6. It was demonstrated that
the chemical ordering accompanied by the magnetic properties can be improved by a surfactant
mediated growth. In the case of Sb as a surfactant, the effective magnetic anisotropy constant
was increased by 15% at a deposition temperature of 300 ◦C, whereas the enhancement become
reduced at higher deposition temperatures. However, the main disadvantage for spintronic ap-
plications is the low spin polarization of FePt limiting the GMR effect to values of some tenths
percent. Additional difficulties occurred due to the high temperatures being necessary for the
chemical ordering, inducing the hard magnetic phase of FePt, which restrict the implementation
of a GMR structure because of the high mobility of many suitable spacer layer materials like,
for instance, Ag and Cu. It has been shown that Ag tends to segregate at the surface of the stack
and Cu alloys with FePt, both not allowing an exchange decoupling of the FePt layers, which
only could be provided by Ru as spacer layer material. On the other hand, Ru does not enable
a (001) textured growth of FePt, thus the magnetically soft layer deposited above has in-plane
easy axis.
Due to a better spin polarization, the GMR effect was enhanced to values above 1.5% by the
usage of [Co/Pt] based pseudo-spin-valves with either only perpendicular or crossed magnetic
anisotropies. For the former case, the magnetization reversal is dominated by magnetostatic in-
teractions across the thin spacer layer, being further assisted by the magnetic anisotropy of the
top layer, which is distinctly decreased due to worse growing conditions on top of the Cu spacer
layer. Thus these investigated PSV thin films magnetically reverse usually by forming verti-
cally correlated magnetic domains if the particular magnetic anisotropy is not strong enough
to maintain a layer by layer reversal, which could not be achieved for any PSV system in the
present work. In case of crossed magnetic anisotropies of both ferromagnetic layers within the
PSV stack, a gradual and almost hysteresis-free magnetization reversal occurs being beneficial
for a magnetic field sensing application with a rather linear R(H) dependence in a large field
range. Moreover, by material and thickness variations, the magnetic field range for sensor ap-
plications can be tuned. A further distinct improvement of the GMR effect was enabled by the
replacement of the heavy element Pt by the lighter Pd. In this case, the magnetic properties do
not change much but mainly due to a longer spin diffusion length of Pd the GMR ratio could be
more than doubled. Finally, with regard to a possible future application, the resistance of such
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PSV thin films against annealing and mechanical strain has been investigated. The flexibility
could be achieved by the use of adequate substrates where it has been shown that the spin-valve
performance does not suffer at bending radii up to 11 mm. On the other hand, the temperature
resistance was drastically improved by the use of an amorphous Ta capping layer, which pre-
vents the oxidation along grain boundaries. Eventually, with regard to continuing studies it has
to be mentioned that only around 50% of the maximum resistance change are used in the inves-
tigated set of samples. A utilization of the full range would be possible by the increase of the
reference layer switching field above the anisotropy field of the sensing layer with in-plane easy
axis (around 15 kOe) either by coupling to a very hard ferromagnet or by applying the exchange
bias effect. Whereas the former will lead to positive as well as negative slopes of the R(H)
dependence if a magnetization reversal can not be excluded and furthermore, will erase some
advantages of multilayered structures with high PMA if, for instance, the chemically ordered
FePt alloy is used (e.g. deposition at room temperature, small roughness, no restrictions to the
substrate), the latter currently fails because of too small exchange fields for perpendicular sys-
tems. Instead of using antiferromagnetic materials, an application of ferrimagnetic rare-earth
based elements could induce high exchange fields as mentioned in chapter 5.3 and thus might
help to create a magnetic field sensor, which can detect strength and orientation of a perpendic-
ular magnetic field.
Other systems with two or more ferromagnetic layers but intended for magnetic storage ap-
plications allow the use of different spacer materials, ensuring good growing conditions and ex-
change decoupling instead of largest mean free paths or spin diffusion lengths. Thus multilevel
systems with Pt and Ru spacers have been investigated revealing a layer by layer magnetization
reversal where it was shown that especially Ru enables a preparation of very thin systems. The
thickness of the stack, being quite important for the writing process for reasons of the spacing
loss, has to be kept as small as possible also with respect to the patterning of BPM. Whereas
this has been elucidated for a deposition on nanospheres because of worse lateral exchange
decoupling, it is obvious that a smaller film thickness simplifies other pre- or post-patterning
techniques, too. For a good addressability of a multilevel storage layer, two approaches were
applied in the present work to tune the coercive field strength of [Co/Pt] multilayers, which gives
a sufficient field range for continuous thin films but things change if the film is patterned into
smaller and smaller dots. Due to the change of the reversal mode to a coherent rotation of each
single magnetic unit, the SFD increases with decreasing dimensions due to inhomogeneities,
arising already during the thin film deposition process and mainly by the patterning process
itself. Moreover, the influence of lateral and vertical dipolar interactions have been studied for
these systems and has been further investigated by micromagnetic simulations giving access to
smaller dimensions.
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A Sample Preparation
All samples investigated in the present work have been prepared using DC magnetron sputtering
taking place in a vacuum chamber with a base pressure better than p0 < 4 · 10−7 mbar. During
the evacuation process, the chamber is heated to around 80 ◦C to accelerate the pumping speed,
which is then cooled to the standard chamber process temperature of 18 ◦C. While deposition
argon 5.0 is induced to the chamber to a standard partial pressure of pAr = 3.5µbar and the
standard substrate is a p-doped Si(100) wafer with 100 nm silica formed by thermal oxidation,
exceptions of Ar pressure or used substrates are stated in the text. For mounting the samples two
different sample holders are available, either the standard rotatable 4 inch sample holder for all
the room temperature depositions or a rigid heater with an area of around (2.5× 4) cm2 applied
for the FePt depositions. The vacuum chamber is equipped with four water-cooled magnetrons
each with a diameter of 5 cm and the distance between them and the particular sample holder is
around 22 cm. The film thickness and deposition rates, being always smaller than 0.5 nm⁄s, were
controlled by a quartz balance monitor. Since the vacuum chamber does not have a load lock,
it has to be completely opened for each sample transfer. In this regard, any oxidation or further
pollution of the metal targets is removed by a pre-sputtering process before the deposition.
B Measurement Techniques
In the following all the different used measurement techniques are introduced, with the focus
on the measurement range, limitations and possible sources of errors for each particular setup.
B.1 Auger Electron Spectroscopy
The Auger Electron Spectroscopy (AES) was done in the analysis chamber of a Molecular
Beam Epitaxy system supplied by DCA INSTRUMENTS at a base pressure p0 ≤ 2 · 10−10 mbar.
The surface analysis setup was developed by SPECS, where apart from Low Electron Energy
Diffraction (LEED) also AES is possible due to the ErLeed 3000D power supply, which allows
the operation of the optics as a (four-grid) retarding field analyzer. A primary electron energy of
3 keV was applied and the energy distribution of the emitted Auger electrons from the sample
are obtained by lock-in technique. For that purpose the cutoff voltage at the suppressor grids,
controlling the intensity at the fluorescent screen, which acts as the electron detector, is mod-
ulated at a fixed frequency of ω = 1050 Hz. The measured amplitude of the 2ω component
gives then the first derivation of the spectrum, which is typically visualized for AES due to the
large background of secondary electrons. Auger electrons with an energy ranging from 150 eV
to 750 eV at maximum have been detected in the present work, for which the attenuation length
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is smaller than 6 monolayers259. Hence, the depth information of the AES is limited to around
2 nm.
B.2 Magnetometry
For a determination of theM(H) dependence of the samples either MOKE and SQUID magne-
tometry have been used. The former one was done with a setup allowing measurements at room
temperature and at magnetic fields smaller than 20 kOe supplied by a water-cooled electromag-
net. The magnetic field strength was measured with a Hall probe located directly on top of one
of the pole shoes. The other pole shoe had a small hole not disturbing the field homogene-
ity much, through which the linear polarized light emitted by a red laser diode (λ = 635 nm)
could be guided to the sample. There the light is reflected by 180◦ giving rise to measure the
polar-MOKE and both beams are splitted by a beam splitter, where the reflected beam is finally
guided through a birefringent material to the detector. There the intensity of the separated hori-
zontally and vertically polarized part of the light is measured by two photo diodes, enabling the
determination of the Kerr rotation angle being proportional to the magnetization of the sample.
The angular dependent studies have been performed at a similar setup but with a different sam-
ple holder allowing measurements at different field angles, where the laser light has not to enter
the pole shoes. Both magnetometry measurements do not allow to determine the magnetization
quantitatively.
On the other hand, all absolute measurements of the magnetic moment were done by a Mag-
netic Property Measurement System (MPMS) SQUID-VSM supplied by QUANTUM DESIGN
INC. Although most of the instrument specifications and the measurement instruction can also
be looked up online, some important notes will be emphasized in the following for accurate
measurements. First of all, the sample has to be properly fixed onto the sample holder, either
the quartz sample holder for in-plane measurements or the brass and straw holder for out-of-
plane measurements, whereby cleanliness has to be ensured. Especially for thin film samples
the dia- or paramagnetic background signal originating from the glue, the sample holder or the
substrate itself, often is much larger compared to the ferromagnetic signal and has to be sub-
tracted from the measured magnetic moment. Thus any pollution also would be very critical
and in case of out-of-plane measurements straw sample holders, revealing almost no magnetic
signal, are usually preferable. Furthermore, the measured magnetic moment has to be corrected
due to so called sample geometry effects, arising from dipolar moments of the sample being
different to the one, which was used for calibrating the SQUID sensor. A table for different
sample dimensions with the corresponding correction factors for the chosen vibrating ampli-
tude are given in the manual. Another measurement error determined by the sample geometry
and furthermore by the magnetic susceptibility of the sample is based on the demagnetization
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factor changing the effective magnetic field value that might have to be considered for a par-
ticular hard axis measurement (see chapter 2 for the different demagnetizing factors). General
errors of the measured magnetic field value due to the dispensation of a Hall sensor can emerge
for reasons of remaining currents within the superconducting magnet inducing a field at rema-
nence, which can be reduced by an AC demagnetization routine or completely extinguished by
a magnet reset. Since the latter is at the expense of helium and rather time consuming, the for-
mer procedure is sufficient for most cases especially due to the fact that the field is quite small
(around some 10 Oe after the maximum field of 70 kOe was applied) and almost negligible if
just small magnetic fields have been applied. Finally, the most important difficulty especially
for measuring very small magnetic moments (for instance in case of low moment materials or
nanopatterns) is an artifact occurring at magnetic fields around ±1 kOe204. It is expressed as
a rather hysteresis-free and temperature independent soft magnetic phase, which does not oc-
cur if other techniques like for example MOKE are used. Hence, if a soft magnetic phase at
small fields was present in the measurement, which could be clearly identified as the mentioned
SQUID artifact, the M(H) hysteresis loops were corrected by subtracting this part.
B.3 Scanning Force Microscopy
In the present work the scanning force microscopy was performed with a Dimension 3000 sys-
tem from DIGITAL INSTRUMENTS (now supplied by BRUKER), which was used for all the
AFM and all remanent MFM measurements. The standard measurement technique is the tap-
ping mode and in case of magnetic force microscopy the so called interleaved lift mode is
applied. There basically each line is scanned twice. The topography of the sample (the AFM
image) is recorded in the first run and the second scan is done at a constant height above the
sample, where the phase image is recorded. This lift height is chosen to some 10 nm to suf-
ficiently diminish the short range interactions (for instance Pauli repulsion, van der Waals or
Coulomb forces) and exclusively measure the magnetic stray field from the sample. In case
of MFM measurements the otherwise used Si based tips have to have an additional magnetic
coating (mostly Co), which increases the tip diameter from around 30 nm to 70 nm for commer-
cially available standard cantilevers (e.g. distributed by TEAM NANOTEC). The tip size and
shape ultimately limits the spatial resolution of the measurement, whereas in case of very large
scans the image resolution given by the software become more important since the amount of
pixels per line is limited to 512. Furthermore, the piezos for x, y and z movement induce some
error as well: whereas the error for the x- and y-axis is smaller than 1% if calibrated properly,
the precision of the z-axis usually is a bit worse. On the one hand, the Si calibration sample has
vertical features being accurate to only ±3% and on the other hand the z-axis does not move at
a constant rate as the x- and y-axes do during scanning, which causes additional errors. With
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regard to MFM measurements, the spatial resolution additionally deteriorates at an increasing
tip-to-sample distance (lift height) although the influence of the topography become smaller at
the same time.
For in-field MFM measurements, a high-resolution MFM developed by the NANOSCAN AG
was used. This setup is equipped with a permanent magnet that can be moved towards the
sample allowing measurements at the presence of an out-of-plane magnetic field up to H ≈
±5 kOe. Moreover, the measurement is done in a high vacuum chamber, giving rise to high
lateral magnetic resolution, which is guaranteed by NanoScan to be 10 nm. In these experiments
Team Nanotec high-resolution tips with low moment and a spring constant of D = 0.7 N⁄m have
been used. The scans were performed in non-contact mode with a tip-to-sample distance of
approximately (20± 5) nm.
B.4 Transport Measurements
Transport measurements presented in the current work are limited to a determination of the
magnetic field dependence of the sheet resistance of continuous thin film samples, the so called
magnetoresistance. Unless otherwise stated a self-built setup has been used, which consists
of a water-cooled electromagnet, a KEPCO DC power supply with a maximum output of ei-
ther U = 50 V or I = 20 A, a DIGISTANT constant current source providing I ≤ 15 mA
and a KEITHLEY 2000 multimeter. Two sample holders have been designed in collaboration
with the electronic as well as mechanic workshop to measure either the in-plane or out-of-
plane field geometry with a maximum field strength limited by the given pole shoe distances of
H ipmax = 4.8 kOe and H
oop
max = 12.75 kOe. To get rid of contact resistances, the four-point probe
method was applied with a distance between each spring probe pin of around 2.5 mm, allow-
ing magnetoresistance measurements of minimal (10× 10) mm2 samples, which are pressed by
springs onto the contact pins and furthermore supported by standard tape to avoid any shift. As
a side benefit it has been observed that the water cooling of the electromagnet keeps thermal sta-
bility of the sample as well, hence even long time measurements are rather free of drifts. On the
other hand, the cooling water temperature should be chosen close to the ambient temperature
to avoid occasionally large drifts over the first minutes of a measurement. The software for the
setup was written with LABVIEW, where a static measurement routine was chosen. Here, every
magnetic field step is stabilized first before the voltage drop is recorded for the adjusted mag-
netic field value. Thus prospectively the magnetoresistance setup could become equipped with
a Hall probe, which will allow much faster measurements because the magnetic field could be
continuously sweeped while the voltage drop and magnetic field value is measured synchronous.
Moreover, the usage of a Hall probe will reduce effects of the remanence of the electromagnet,
which currently are present in the measurement since the magnetic field value is determined
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by a B(I) calibration averaged for the ascending and descending field branch. Apart from any
misalignment of the sample, this is the most important source of measurement errors, whereas
the error of the determination of the voltage drop using the Keithley 2000 multimeter is negligi-
ble. This is also true for the error of the sensing current supplied by the constant current source
because no indication of any fluctuation has been observed and the giant magnetoresistance
usually is presented as a relative resistance change.
B.5 X-ray Diffraction and Reflectometry
Apart from the X-ray diffractometer at the CNRS used for the investigations illustrated in chap-
ter 6.1.1, two other four-circle diffractometers have been applied in the present work: an XRD 7
and an XRD 3000 PTS from SEIFERT-FPM (today GE INSPECTION TECHNOLOGIES GMBH).
Both instruments are equipped with the generator ID3000 supplying the high voltage for the X-
ray tube, which is set to U = 40 kV at I = 30 mA, the anode material is Cu. Whereas the XRD
7 only has a Ni filter to reduce the contributions of the bremsstrahlung and other wavelengths,
the PTS has much better beam brilliance due to the monochromator crystal being placed in
front of the scintillation detector (the same like for the XRD 7) and an additional Göbel Mirror,
which also converts the beam coming from the X-ray tube to a parallel one. For that reason
the background signal is almost zero for the whole angular range in case of the PTS, whereas
the bremsstrahlung spectrum and even other peaks of for instance wolfram (the filament mate-
rial) appear in an XRD 7 measurement. The goniometer radius is 17.5 cm and 30 cm in case
of the XRD 7 and the XRD 3000 PTS, respectively. The better angular resolution of the PTS
is further enhanced by the usage of a Soller Collimator in front of the detector. Thus all XRR
measurements have been done with this instrument exclusively.
C XRR Simulation Parameters
The following table summarizes the simulation parameters of the XRR measurements of the
[Co/Pt] multilayer series deposited at different Ar pressures (see chapter 4.1). The different
parameters are the scattering length fp.X of the material X based on the Henke tables (see
http://www.cxro.lbl.gov) in units of electrons, which specifies the unit of the atomic den-
sity % to be atoms/Å3. Furthermore, there is the layer thickness t, the roughness of the upper σr,
and lower interface σi (total roughness can be calculated by σ =
√
0.5((σi)2 + (σr)2)), as well
as the parameters determined by the X-ray diffractometer: the primary beam intensity I0, the
background intensity Ibackground, and the sample length l, which is necessary for the footprint
correction. Additionally, the wavelength of the X-ray radiation has to be defined (λ = 1.54 Å)
and for the footprint correction a gaussian beamprofile was chosen.
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Table C.1: Simulation parameters of the XRR measurements analyzed in chapter 4.1, which were
determined by the open source software GenX. For further information, the reader may be referred to
the text and to the online manual (http://genx.sourceforge.net).
pAr = 3.5µbar pAr = 6.5µbar pAr = 10µbar
literature values
fp.Si 14.256
fp.SiO2 30.360
fp.P t 73.662
fp.Co 24.627
constant parameters
%(Si) [atoms/Å3] 0.050
%(SiO2) [atoms/Å3] 0.020
%(Pt) [atoms/Å3] 0.066
σi(Si) [Å] 5.000
σr(Si) [Å] 5.000
t(SiO2) [Å] 1000
device parameters
I0 [106 cps] 3.376 5.389 3.521
Ibackground [cps] 5.187 8.771 18.242
l [mm] 3.602 2.806 4.029
layer parameters
σi(SiO2) [Å] 1.288 3.367 3.438
σr(SiO2) [Å] 2.668 0.988 3.913
σi(Pt seed) [Å] 1.868 1.687 1.783
σr(Pt seed) [Å] 1.789 1.864 3.165
t(Pt seed) [Å] 34.830 40.082 43.233
σi(Pt cap) [Å] 1.571 2.638 4.057
σr(Pt cap) [Å] 2.939 2.860 1.116
t(Pt cap) [Å] 27.126 29.365 31.581
σi(Pt ML) [Å] 1.964 4.925 5.416
σr(Pt ML) [Å] 3.197 3.250 4.388
t(Pt ML) [Å] 8.024 8.244 7.365
%(Co ML) [atoms/Å3] 0.028 0.037 0.032
σi(Co ML) [Å] 2.639 4.696 4.869
σr(Co ML) [Å] 2.718 4.038 5.740
t(Co ML) [Å] 1.943 2.405 2.914
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D Abbreviations
AES Auger electron spectroscopy
AF antiferromagnetic
AFM atomic force microscopy
AMR anisotropic magnetoresistance
bcc body centered cubic
BMR ballistic magnetoresistance
BPM bit patterned media
CIP current in-plane
CMR colossal magnetoresistance
CNRS Centre National de la Recherche
Scientifique
CPP current perpendicular-to-the-plane
DOS density of states
EB exchange bias
fcc face centered cubic
fct face centered tetragonal
FM ferromagnetic
FOM figure-of-merit
GMR giant magnetoresistance
HAMR heat assisted magnetic recording
hcp hexagonal close packed
HDD hard disk drive
IEC interlayer exchange coupling
MBE molecular beam epitaxy
MFM magnetic force microscopy
MOKE magneto-optic Kerr effect
MR magnetoresistance
MTXM magnetic transmission X-ray
microscopy
NM nonmagnetic
PMA perpendicular magnetic anisotropy
PSV pseudo-spin-valve
RBS Rutherford backscattering
spectrometry
RKKY Ruderman-Kittel-Kasuya-Yosida
SDL spin diffusion length
SEM scanning electron microscopy
SFD switching field distribution
SIMaP Science et Ingénierie des Matériaux
et Procédés
SNR signal-to-noise ratio
SOC spin-orbit coupling
SOI spin-orbit interaction
SQUID superconducting quantum
interference device
STT spin-transfer torque
SUL soft underlayer
SV spin-valve
TMR tunneling magnetoresistance
VSM vibrating sample magnetometer
XRD X-ray diffraction
XRR X-ray reflectometry
VII

SYMBOLS
E Symbols
a, c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Lattice parameters
A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Absorption correction factor or exchange stiffness constant
α . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Spin asymmetry coefficient or damping constant
B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Magnetic induction
χ . . . . . . . . . . . . . . . . . . . . Angle between the sample normal and the plane of detector movement
or magnetic susceptibility, respectively
δw . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Domain wall width
e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Elementary charge of an electron
E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Electric field
E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Energy
Ea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Anisotropy energy
EF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Fermi energy
Efst . . . . . . . . . . . . . . . Magnetic energy per unit area for vertically correlated ferrostripe domains
Elbl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Magnetic energy for layer by layer reversal mode
Emag . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Magnetostatic energy
Ewall . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Domain wall energy
η . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Mosaicity
g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Landé g-factor
GMR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Giant magnetoresistance
Γrc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Full width at half maximum of the rocking curve peak
Γsym . . . . . . . . . . . . . . . . . . . . . . . . . . . . Full width at half maximum of the symmetric θ − 2θ peak
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